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PREFACE 


In writing this book the author set himself a twofold task : 
firstly, to discuss the methods of electric traction, as applied 
to Railways ; secondly, to expound methods of technical 
calculation applicable to the subject. In the pursuance of 
the first objective he propounded to himself, and endeavoured 
to answer, the questions: What constitutes good practice, 
and why ? Except where needed for purposes of illustration, 
descriptive matter has been avoided not only as being out- 
side the scope of the book, but also as being available in 
full measure in the technical press, and in the publications 
of manufacturers. The methods of calculation described in 
the later chapters of the book are for the most part the 
author’s own, and do not exceed in refinement what he 
has found necessary in dealing with the subject. 

The author wishes to express his indebtedness to the British 
Thomson-Houston Co., Ltd., for permission to use a quantity 
of data and diagrams without which his effort would have 
been far less satisfying to himself. He also takes this oppor- 
tunity of thanking the International General Electric Company, 
and the Westinghouse Electric and Manufacturing Company, 
for a number of views and particulars of locomotives, the 
J. G. Brill Co. for the drawing of fig. 15, and the Societa 
Italiana Westinghouse for fig. 202. 

It only remains to add that British units have been used 
throughout the book, the ton representing 2,240 lb. 

E. W. C. 


Rugby, 1922. 
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GHAPTEE I 
INTRODUCTORY 

It is characteristic of industrial progress to replace methods 
of working which make use of simple tools and individual 
effort, by methods which use costly and elaborate plant 
actuated by collective effort. In this manner labour is saved 
at the expense of machinery ; and the great production which 
is characteristic of modern industry becomes possible. In the 
realm of transportation, the railway furnishes an example of a 
highly capitalized but efficient substitute for the more primitive 
methods of earlier times. The use of electricity as the motive 
power of railways may be regarded as an extension of the same 
tendency. It involves great outlay for operating plant ; which 
it seeks to justify by offering improved facilities and reduced 
running costs. 

In the working of railways by means of steam locomotives, 
the driving axles are actuated directly by the prime movers. 
In electrical working, however, there intervenes in general 
between prime movers and driving axles, the generators, the 
transmission lines, the converting plant, the distribution lines 
and the train motors, besides a large quantity of protective 
apparatus and controlling gear whose functions are ancillary 
to the transmission of the power. When the whole of this 
plant is thus taken into account, it is inevitable that the capital 
invested in motive apparatus should be much greater for 
• electrical operation than for steam operation. 

The chief obstacle to the general use of electrical working 
being the economic one of the great initial expense, it is natural 
that, in its inception, it should have been limited to very busy 
lines concerned with special classes of traffic. It has needed 
the development of a quarter of a century to demonstrate its 
technical applicability to all classes of traffic with which a 
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railway in coiicc^nicd ; but the ecoucnnic advaiitagi* rf‘Hiil!irig 
from its adoption is still in most (jases a mat t vt i o he c{i*t ermiiied 
by investigation of tln^ particular (^ircuinstanc‘CH. 


Abnormal Traffic Conditions.-^Kleetrical op(»ra!ion }iaH 
indeed been dcscrilxKl, not without justificaticm, as an cxpcdimit 
for overcoming al)normaI diflieultieH of working, or for fiillillirig 
th(i c(')nditionH imposcxl by .sp«*cial circtnnHtafH*f‘H. For fin* 
ordinary intc^r-urban railway, in country of no more than 
ordinary difficudty, whc*r(‘ fuel is plcmtifui, tlu* qtu»Htioii of 
electrical operation has hardly be(*n (*onsidcreri. It has hit IhtIo 
always b(‘C‘n sorm* sp<‘cial (‘onsi(l(‘rnt ion lliat has dctcrmiiicil 
th(‘ d(*eision to electrify. 

Urban Railwavs. Wluni tramway <vxpericnc-c Migge^itefi 
th(^. <‘l(Kd.rihcat ion of url>an railways, and the developmeiif s 
(dlect(*din pursuit of I his object were foiimi forcMilf in met hods 
of working tin* Iraflie whicdi far snrpassi^d the best ellorfs of 
steam fJi)erati(ni in efliciemw aiifl epomnny, ehM*trh'nl opera 
tion was soon nx’ognized as by far the most effective way of 
overcfuiiing the pcandiar dilli<niltie.s of urban atid siibuiiiaii 
railway working. The eapaeity of the lines is great ly imTeased. 
t!ie operathm is faster, and tin* working of terniinii! traflit- is 
much simplified by (dectrical (»pcralit»ii. IIiih appliciilion 
indeed mnv hanJly m^eds the ashiiriiiice given by an f*efiniifriir 
investigation to justify it. 

TlJNHKhs^. ■On eertain railways, tlie e\isti»iiei* «*f a long 
t’linnc*! has resiritded the* Iratiie nndii* steam operation, the 
accumulallm cd noxious gases from tfii* eiiginf*h liinifiiig the 
size and fnapieiiey of t!ic» trains. In a nniiiher of eaHe?*. 
t'ricNil ojieniticm has been adc*pted xvitli a viinv to renaming the 
restriction. A |»ioiieer exainjde fif this iijiplicNif ion is tlnif nf 
the Baltimore belt line fnniie} of tin* Ifalliiiiorr* A Ohio Riii!ii'iiy„ 
ehattrifiefl in IKho : but the Oetrtiit River tiiiiiiel eh»ef 
the Hoosae tnnitel eliHdrifieittion, the Uam^ade liiiiiiel eieefri-^ 
ficiition, tlie Simplon ttinnel eleetrifieiif ion, and iiiiiiiy others • 
have la^en nnrlertiiken in order to ovt'rcoine t4ie spi^eiiil 
cidtieH of iufiiiel %vorkirig. 'flie Kew York <0111 ml l^eniiiiml 
eleetrificiitioii, and imlei*d that of nil lines eiiltTing the eity, 
WHS insisted upon by the competent luitfioritieM, liirgely mm a 
result of a tiiiiiif4 accideiit iitf.ribnfi'*d ft? 1111 iireiiiriiiiiitifiii 'of 
gases* The Llnilergrourid Rfiilwaiysof laiialiai fiirriii^Ii iiiiiitfier 
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example in which the obnoxious conditions of tunnel service 
compelled electrification. 

Gradients. — On other railways, the gradients by their 
length and steepness impose a limit on the traffic under steam 
operation, which is removed or considerably ameliorated by 
electrical operation. The electrification of the Norfolk & 
Western Eailroad, a heavy goods line, which includes a con- 
siderable length of 2 per cent, gradient, was determined by 
this consideration. The Chicago Milwaukee & St. Paul Rail- 
way, which crosses the Eocky Mountains and a number of 
other ranges, with many long gradients up to 2 per cent, in 
steepness, was electrified, as to the divisions affected, largely 
for the same reason. 

Lack oe Fuel. — ^In some regions locomotive fuel is scarce or 
non-existent as a local product, although the natural resources 
of water-power may be ample for the purpose of working the 
railways electrically, and where these conditions exist there 
is a great inducement to electrify. The development of electric 
railways in Switzerland, in Sweden, in Bavaria and in Italy is 
to be attributed largely to this state of affairs. The Chicago 
Milwaukee & St. Paul Railway also operates in a region where 
water-power is plentiful, but where fuel has to be brought from 
a distance, and this no doubt had large influence on the decision 
to electrify. 

The history of existing schemes of electrical operation, 
therefore, appears to support the conclusion that electrification 
is a device for special circumstances. The inference is, how- 
ever, hardly justified. A more powerful and flexible agent 
having been discovered, it is in the natural order of development 
that it should be applied first where steam operation has been 
found wanting, and its success under these circumstances is 
not evidence of its inadvisability under more normal conditions. 

^At the same time, where the requirements as regards trans- 
portation are met without difficulty by steam operation, the 
justification of electrical operation must be sought in its 
economy rather than in improvement in the service rendered. 
Some increase of facilities is doubtless to be expected, but 
there is not scope for the significant improvement that 
has generally been found under the abnormal conditions 
enumerated above. The reason for this has less to do with 
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electrical operation than with the nature of normal railway 
working. 

Improvements in Passenger and Goods Traffic Work- 
ing. — Passenger service is improved by running more frequent 
and faster trains. Experience indeed has shown that an 
enormous increase of revenue results from these causes in the 
case of railways working short haul traffic in urban districts, 
and the gain is considerable also for railways which provide 
inter-urban service in well-populated regions. Long distance 
service, however, does not appear to offer scope for the improve- 
ment possible in short haul service. Here, increase of speed 
is apt to be limited by considerations of roadbed, curves, etc., 
which have nothing to do with the system of operation ; and 
the reasons for travelling long distances are not generally such 
as frequency of service would affect. Improved branch-line 
services, by feeding the main lines more efficiently, would 
doubtless lead to some increase in travel ; but on the whole 
it appears that, apart from urban and certain localized inter- 
urban railways, no very great increase in revenue can be 
foreseen as the result of electrical operation. It is, however, 
largely a question of psychology on which experience is not 
yet available ; and it is worthy of remark that, in the past, 
the increase of revenue resulting from improved facilities has 
usually exceeded all reasonable estimates. 

It does not appear that goods traffic would in general be 
increased by electrification, for no question of psychology 
comes into the transportation of goods ; and it is only 
occasionally that a sensible improvement in facilities could be 
offered. The most desirable improvements in the working of 
goods traffic are not usually within the power of the Railway 
Company to effect, and certainly not such as electrification 
would influence. There are, however, certain incidental 
advantages in the electrical operation of goods traffic, arising 
primarily from the great power on which a locomotive can* 
draw. This permits greater rapidity in train working ; and 
in congested districts allows more efficient use to be made of 
the lines. 

Economic Aspect. — ^It may be concluded, therefore, that 
apart from conditions of special difficulty, and from traffic of 
special nature, electrical working must be justified for the 
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inoHi part^ by ilH^HMiiiuMiy nt! Iht t liati by t hr iuijinivrcl fiwulitb^i^. 
it can oiler. In c’oiiiitrioH vvlicro v^»al«i' power in abtiiifiiiiit 
and locomcdivc fuel ban to bf‘ iiiijiorted. tin* junf ificiif iou in in 
gcuc‘riil prcHciit in I in* .saving of fuel, par! icularly if an iiiduHf rial 
load<‘iyi bciisiil toaid irt t lie d(*vclopnicnf of the watiu* powern. 
Where, however, eoaJ in ahimdanl, it in more ffitlieult to jindify 
thf* elect rieiil working of normal railroinls. It m true fhat 
siu'Ii weirking resultH in a great, saving of fuet, variotiMly enli 
matt*d from a half !■«» two t-hirdn of the eoiisunipflon of i!m 
Hteane'Worked I rains. It is true also tliat an a result of th«* 
wai% the vidut^ of eoal is likf*ly to reniiiin high as eompared 
with other eoiiirnodity values, so that the saving is of inereiised 
signilieiinee. Hut it is neverf-helesH very ditiibtful wlu’llua* 
fliesavirig w^udrl in genera! besutlieienf in itself t<» justify tiu* 
elei*trilh‘a.tioii of the railw 7 iys. In densely populated, eounfriea, 
howf*ver, there are bkfdy f*» t»e many n^giortH id the kind 
referred to above, in whii*h e!e<’trh*al operaf ion in juatilied, md 
on ai’ctuini of fH'onoiiiy of working, luit <ai iw’eount of I lie 
iiuTeiiHc in reviaimn whkdi r«‘sultH from improved trallie 
faeilith*s. Wli«*re sueft iamditionH e?tist". fhi* balance niiiy 
readily be turned in favamr <if tin* elialrii’iil Wiirking of the 
•wluile railway syeteni ; hir, with many sei*tir»na of the line 
auiiahh^ for eleetrieiil opera! ion. tlu’ ailditionid tiutliiy riapnred 
to Work traliif% %v1iieh e«»nsidere<l by itself W'ould be nii 
eeoiiofiii<»ab i^H smaller limn if thin trallii* wiua* so eonshlert»d, 
%rhilst the ec«iiioriiy <4 the working is at least us grral.. Indeed 
where any considerable secti<ai of a loiaunotive division tn 
electrifif»d for Hufli<a.ent naisons, it is iistuilly jusfifiafih* to 
electrify the ^rliole diviHiofi for tin* saki* <4 the saving wliiidi 
reHiillH ; and if mie elass of trafli«» m Wiirlceil eleetrii*ii!lj% all 
tdiiwes using the lines may be no tvorked with iidviinffige, 

Tectiniciil View tif Electrical Openiliiiii, Fniiii ttie 
staililpoilili Ilf leeliiiiefit engineering, eier'lrieii! operiil iiift ji4 
dwiirigiiiniied essent iidly as emph iv ing rent ralt/,eti power 
geiieratifiii, m Jigiiinst tdte diHtrituilrd power geiii'^riilioii of 
uleaiti fiprriitifiri. lliis at oiiee a striuigt li iind ii w'eitlineiiN of 
the system. Oii the one hand, it eniibhrs potver tfi be eonreii- 
triitcd where it is iriost needed, iltUN iiiaking it poNNibfe Iti work 
lieiivy trfiiriN on «t€i*p griidiiuif-N with eeoiioriiy, mid to gi'Ve ii 
Iiigli rate of iiceeleriitioii itia! fiigli iiveriige speeft fit triiiiw 
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engaged in suburban service. On the other hand, a breakdown 
at a vital point may stop all traffic throughout an extended 
area ; and it is necessary to exercise the greatest care in the 
engineering, and to expend a large amount of capital in standby 
plant, and devices whose sole purpose is that of minimizing 
the chances of serious breakdown. 

Adaptation of Methods to Agent. — It is a mistake to 
view electrical operation of railw’^ays simply as a question of 
the supersession of the steam locomotive by the electrical 
locomotive ; for the steam-worked railway has grown up 
around the steam locomotive, and the whole method of working 
the traffic accords with the limitations and characteristics of 
this machine. Electrical operation should, in like manner, be 
conducted to suit the characteristics of the electric locomotive, 
and indeed of the whole plant. It is accordingly unfair to 
electrical operation to judge it as limited by the methods of 
steam-operation ; and more or less onerous to mingle the two 
methods of operation. On the other hand, confidence may be 
felt that economic estimates based on present methods of 
working will be improved upon as more appropriate methods 
are adopted. 

In general, the great power available at any point of an 
electrically worked railway, and the long continued duty of 
which electrical apparatus is capable, remove limitations under 
which steam operation suffers ; and therel)y gives greater 
freedom to the traffic managers in dealing with the work of 
their departments. At the same time, if the best results are 
to be obtained, certain limitations of electrical operation 
should be recognized. Chief among these is perhaps the desir- 
ability of spreading the whole effective load as uniformly as 
is practicable, both in time and space, thus making efficient 
use of the generating and substation plant, and reducing the 
investment therein. Close association is desirable between 
goods and passenger departments, in order that their respective 
load-variations may be made, as far as may be practicable, 
complementary to one another. The Chicago Milwaukee & St. 
Paul Railway takes power for working its Rocky Mountain 
divisions from the Montana Power Company, which operates a 
large number of hydro-electric plants in the region ; and the 
railway company has contracted to pay for power in the 
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following manner. If the load factor in any month is less than 
60 per cent., payment to be made at a definite price (5*36 
mils, per unit) for a uniform load equal to 60 per cent, of the 
maximum 5-minutes peak ; if the load factor exceeds 60 per 
cent., payment is made at the same rate for the actual k.w. 
load. By means of an efficient system of train-dispatching, 
and with the aid of a number of automatic and hand devices 
for reducing the substation voltage when the current is exces- 
sive, the peaks of load are kept down and the load factor raised, 
so that in practice it nearly attains the 60 per cent, for which 
payment is made. As regeneration is a feature of this road, it 
is probable that, without these devices, and with trains worked 
without reference to the supply conditions, the load factor 
would not have exceeded 25 per cent. ; and the amount of 
generating plant required to have been kept at the disposal of 
the railway company would have been more than doubled. 
In this case the train dispatcher is given a wide discretion as 
regards some of the traffic, and he is able to use it greatly to 
the advantage of the railway. Although a control so highly 
centralized may not always be practicable, it is very desirable 
in the interests of economy that there should be very intimate 
co-operation between the traffic and operating departments. 

Electric and Steam Locomotives. — The nature of the 
steam-locomotive places it under disabilities from which the 
electric locomotive is happily free. It consumes fuel as long 
as it is in commission, whether it is in the shed or out, whether 
it is hauling a train or standing. A large fraction of its life is 
consumed in tube-cleaning, oiling, and overhauling. The 
electric locomotive, on the other hand, consumes power only 
when running, and the time spent in inspection, overhauling 
and cleaning is insignificant. Much greater service can 
accordingly be got from the electric machine in the course of 
a year, and the number of locomotives required to work a 
given traffic is correspondingly smaller. In wintry weather 
particularly the steam locomotive suffers in efficacy, but the 
electric locomotive retains and indeed increases its service 
capacity. Experience has shown that, in general, half the 
number of electric locomotives is more than equivalent to a 
given number of steam locomotives in service capacity. 

The electric locomotive is, however, not the full equivalent 
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of the steam locomotive, in that the latter is a power generator 
as well as a power consumer. To put steam and electrical 
operation on a comparable basis, the whole chain of appliances 
from power generating plant to wheels should be brought 
under review. The essential feature of electrical operation 
is centralized power-generation, with distribution to the power- 
consuming locomotives. Great power is therefore at the 
disposal of every locomotive on the railway, and it is this, in 
great measure, that enables electrical operation to deal with 
conditions of abnormal difficulty. 

In the chain of appliances which constitute the working plant 
of an electric railway, the locomotive must be regarded as the 
weakest link, in the sense that it is less amenable to adjustment 
than other parts of the plant. The reason behind this is that 
the locomotive can only provide limited space for the apparatus, 
which is therefore restricted in design, besides having to stand 
continual vibration ; the stationary plant on the other hand 
is not tied for space, and rests on firm foundations. Given a 
satisfactory locomotive (using the term to mean the motor- 
carrying vehicle whatever form it may take), a reliable power 
supply and distribution system can be devised to suit ; but if 
from any cause the locomotive is unsatisfactory, no merit in 
the rest of the plant can make up for the deficiency. It is 
therefore the best practice which chooses methods of operation 
strong at the locomotive end of the chain, and adjusts the 
remainder of the plant to suit the locomotive. 

System of Operation. — The nature of the plant which 
connects the prime movers with the locomotive wheels depends 
in large measure on the system of operation adopted. The 
technical characteristics of the several systems in use are 
described in a later chapter ; and it is these that ultimately 
determine the economic results by which the systems are to be 
judged. These results depend also on the circumstances of 
the case ; and, it may be added, on the time ; for the Great 
War has changed this, like so many other things. Neither 
present nor pre-war costs give a reliable indication to future 
costs. The relation between the burden of capital expense 
and operating cost is particularly conjectural at present. 

The question of system of operation must be viewed broadly, 
if it is to be decided judicially ; for concentration on special 
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features is apt to mislead the judgment^ has^ 

advantages which are more or less valuaM^c^ 
circumstances of the particular case. For purf^ 
railway operation, however, two systems only need he con- 
sidered, viz., the continuous current system and the single- 
phase system. For heavy urban passenger service, the former 
has natural advantages ; and it would not be difficult to propose 
a service of this nature which the latter system would 
practically be unable to undertake. Apart from such special 
problems, however, it may be said that either system could 
be used for the operation of a railway at some cost ; and the 
question of selection resolves itself into the determination of 
the least costly, having regard both to initial and operating 
expenses, with due allowance made for indirect advantages or 
disadvantages. 

The adoption of partial views by a few prominent engineers 
has resulted in somewhat acrimonious discussion of the subject 
of systems of operation, both in England and in America. 
Even before a single-phase railway motor had been developed, 
the system had been proclaimed the only possible one for rail- 
way working.* The development of the motor was therefore 
hailed with an enthusiasm which its technical qualities by no 
means merited. Cautious designers, studying to perfect it, 
saw that fundamentally it was inferior to the continuous 
current motor ; and had doubt whether the advantages of the 
system were sufficient to warrant its use in the exacting con- 
ditions of railway service, where the locomotive motor was 
already tried to the utmost. However, the advertisement of 
the system continued, and many engineers looked forward to 
its universal adoption. The author was apparently among the 
first publicly to dissociate himself from this view, showing in 
the course of a paper read in 1906 f that for suburban service 
the single-phase system compared unfavourably with the 
^ continuous current system. This conclusion, now regarded as 
commonplace, was strenuously contested at the time. Mr. 
H. M. Hobart, who was among the earliest advocates of a high 
voltage continuous current system, did much to propagate 
sound views on the subject, insisting on economic as well as 
technical comparison of the two systems. 

* See Minutes of Proc. Inst. G.E., vol. 49, p, 40. 

t See Journ, of Proc, Inst. E.E.y vol. 36, p. 231. 
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and involving an expenditure of several millions sterling. The 
service contemplated was fairly heavy, hut by no means 
approached the limit of practicability. The engineers in charge 
of the work considered it a case for the use of the continuous 
current system ; but strong influence was brought to bear in 
the interest of the single-phase system. In order to satisfy 
their clients, therefore, the engineers called for complete 
tenders and guarantees for the work in both systems, the service 
required being exactly defined. Tenders were obtained from 
all parts of the world, and the results of the enquiry are sum- 

TABLE 2 



Direct Cur- 

Single-PhaHP 


rent Scheme. 

Scheme. 

Electbical Energy. 



Variable power house charges, including coal, 

£ 

£ 

water, stores and wages of coal and ash 
handling staff 

1 

69,700 

58,400 

Inspection and maintenance of high tension 



transmission lines 

3,190 

2,169 

Operation and maintenance of substations . 
Maintenance and renewal of track conduc- 

12,456 

1,940 

tors 

18,051 

18,051 

Maintenance of coach equipments — 



(a) Inspection, cleaning, stores and 



small repairs 

22,900 

30,800 

(6) Repairs and renewals 

43,900 

91,100 

Interest charges on capital expenditure . 

93,977 

122,281 


£254,174 

£324,741 


marked in tables 1 and 2,* which, however, include only the 
items affected by the question of system. The tables, although 
^applying to a particular scheme, are in their main features 
characteristic of suburban service. By far the largest item of 
expenditure for plant is in any case that for train-equipments ; 
and this is at least doubled in the single-phase system as 
compared with the continuous current system. Although the 
other items, in their sum, show a balance in favour of this 

* Times Engineering Supplement, Nov. 20, 1912. 
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system, it is insignificant compared with the adverse balance 
on the equipment. The running costs moreover are governed 
in large measure by the item for maintenance of coach equip- 
ments, and, since this is also about doubled in the single-phase 
system, the total shows a considerable balance in favour of the 
continuous current scheme. 

Distribution of Capital Costs in Urban Electrifica- 
tion. — The prices at which the contracts in connection with 
the Victorian Railways electrification were given out may here 
be cited (Table 3), not indeed as having any absolute value at 
this date, but as being fairly representative of the proportions 
of the various items in suburban electrification. For this 
reason, the several items have been expressed also as per- 
centages of the whole, both with generating plant and trans- 
mission lines included and with these items excluded. 


TABLE 3 


Item. 

£ 

0/ 

/o 

% 

Boiler house equipment and struc- 
tmal steel work for generating 




station 

427,720 

18-8 

— 

Turbo-alternators and transformers . 

182,046 

8-0 

— 

Condensing plant 

85,251 

3-8 

— 

Substation equipments 

201,624 

8-9 

16*5 

Switchgear, power station and 




substations 

140,070 

6-2 

3*8 

High Tension feeder cables 

259,121 

11-4 


Overhead track equipment .... 

278,286 

12-3 

22*8 

Bonds 

20,000 

•9 

1*6 

Train equipments 

676,180 

29-8 

55*3 


2,270,298 

100*1 

100*0 


Table 3 may be compared with table 4, which gives relative* 
items of expense for the electrification of the Rocky Mountain 
divisions of the Chicago Milwaukee and St. Paul Railroad.* 

* Given by R. Beeuwkes, Electrical Engineer, C.M. & S.P. Ry., in 
Report of Committee on Electrification of Steam Railroads, National 
Elec. Light Association, 1920. See Electric Railway Journal, 29 May, 
1920, page 1103. 
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TABLE 

GENERAL DATA AND MAINTENANCE COST OF MAIN LINE ELECTRIC 

SION AND ANNUAL REPORTS 

ALTERISTATII^G. 



Boston & Maine Railroad 
(Hoosao. Tunnel.) 


1916, 

1917. 

1918. 

No. of Elec. Locomotives 

5 

7 

7 

Avg. Loco. Wgt. Tons — 2,000 lbs 

— 

130 

— 

Date of First Installation 

— 

— 

— 

Route Miles — Electrified Track 

— 

— 

— 

Miles — Single Track Basis 

— 

— 

— 

Maintenance of Elec. Locos. — 




Repairs in Dollars 

25,104 

59,673 

89,543 

Depreciation in Dollars 

7,360 

7,673 

11,215 

Elec. Loco. Mileage — 




Freight Revenne Miles 

160,626 

171,663 

— 

Passenger Revenue Miles 

56,411 

43,381 

— 

Switching Revenue Miles 

— 

— 

— 

Mixed and Special Revenue Miles 

401 

590 

— 

Total Revenue Miles 

217,438 

215,634 

212,553 

Non-Revenue Miles 

2,661 

1,511 

217,145 

3,548 

Total Locomotive Miles 

220,099 

216,101 

Maintenance per Locomotive Mile in Cents (not including retire- 




ments and depreciation) 

11-4 

27*5 

41*43 


DniKCT 



Baltimore & Ohio Railhoad 
(Baltimore Tunnels). 


1916. 

1917. 

1918. 

No. of Elec. Locomotives 

10 

10 

9 

Avg. Loco. Wgt. Tons — 2,000 lbs 

. — 

— 

08 

Date of First Installation 

— 

— 

— 

Route Miles — Electrified Track 

— 

— 

— 

Miles — Single Track Basis 

— , 

— 

— 

Maintenance of Elec. Locos. — 




Repairs in Dollars 

15,161 

12,501 

5,978 

18,117 

Depreciation in Dollars 

6,372 

6,662 

Elec. Loco. Mileage — 




Freight Revenue Miles 

169,940 

162,492 

137,852 

Passenger Revenue Miles 

67,272 

71,104 

86,960 

Switching Revenue Miles 

9,180 

9,210 

9,080 

Mixed and Special Revenue Miles 

— 

— 

— 

Total Revenue Miles 

246,392 

242,806 

233,892 

Non- Re venue Miles 

— 

— 

— 

Total Locomotive Miles 

246,392 

242,806 

233,892 

Maintenance per Locomotive Milo in t'euts (not including retire- 




ments and depreciation) 

6*15 

5*15 

7*74 


* 

3 40-Ton tr 

actor trucks 


New yoHK Central 

Railroad. 

_ __ 

1916. 

1017. 

1918. 

No. of Elec, Locomotives 

63 

73 

73 

Avg. Loco. Wgt. Tons— 2,000 lbs 

— 

118 

— 

Date of First Installation 

— 

■ — - 

— 

Route Miles — ^Electrified Track 

— 

— 

— 

Miles — Single Track Basis 

— 

— 


Maintenance of Elec. Locos. — 




Repairs in Dollars 

64,950 

87,280 

116,111 

Depreciation in Dollars 

51,330 

68,572 

79,763 

Elec. Loco. Mileage — 




Freight Revenue Miles 

2,473 

2,560 

2,702 

Passenger Revenue Miles 

1,387,669 

1,401,567 

1,163,430 

Mixed and Special Revenue Miles 

710 

466 

189 

Switching Revenue Miles 

759,024 

758,431 

681,527 

Total Revenue Miles 

2,149,776 

2,163,024 

1,847,848 

Non-Revenue Miles 

11,549 

11,125 

6,660 

Total locomotive Miles 

2,161,326 

2,174,149 

1,854,508 

Maintenance per Locomotive Mile in Cents (not including retire- 




ments and depreciation) 

3*00 

4*01 

6*26 
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COMOTIVES FROM REPORTS OF INTERSTATE COMMERCE COMMIS- 
.^^LENDAR YEARS 1916-1917-1918 


QrEAT IJrORTHERN EAILWAY | 
(Cascade Tunnel). 

, New York, New Haven & 
Hartford Bailroad. 

Norfolk & Western Blt. 

^016. 

1917. ^ 

1918. 

1916. 

1917. 

1918. 

1916. 

1917. 

1918. 

4 

4 

4 

lOO 

102 

103 

12 

12 

lla 

. — 

— 

— 

— 

110 

110 

270 

— 

— 

— 

— 

_ 

— 

— 

— 

1915 

— 

— 

. — 

— 

— 

— 

79 

79 

30 

— 

— 

' — 

— 

— 

— 

550 

550 

85 

— 

— • 

^,278 

5,436 

9,269 

448,554 

612,641 

815,368 

107,257 

166,249 

225,347 

^,220 

3,220 

3,220 

76,810 

77,000 

77,470 

28,800 

28,800 

28,800 


38,128 

49,056 

734,558 

720,233 

703,987 

342,265 

378,523 

478,318 

^1,944 

32,904 

26,040 

3,619,465 

3,514,637 

3,406,549 

18,451 

22,542 

25,538 

24,122 

32,047 

— 

— 

— 

1,107,714 

1,080,660 

1,000,171 

19,335 


— 

24 

960 

1,126 

775 

28 

28 

0 

*^^,552 

71,032 

75,120 

5,462,697 

5,296,656 

5,111,482 

380,079 

426,631 

534,487 

i 

. — . 

— 

24,116 

20,327 

31,359 

160 

24 

190 

^S,552 

71,032 

75,120 

5,486,813 

5,316,983 

5,142,841 

380,239 

426,655 

534,677 

'T'-OQ 

7-65 

12*34 

8*18 

11*5 

15*85 

28*21 

38*96 

42*15 




^xttte. Anaconda 6 

i Taoific 


1 MrcHinAN 

Central Railroad 


Railway. 


1 1 . • iVI . XV D t. 1 . X\iA..lJi VY A. Y . 

1 (l)ET.ioiT River Tunnel). 


1917. 

1918. 

1916. ! 

S 1017. 

1918. 

1916. 

1917. 

1918. 

24 

28* 

28* 

20 

44 

45 

10 

10 

10 

80 

80 

— 

290 

290 

290 

— 

— 

— 

— 

— 

— j 

1915 

— 

— 

— 

— 

— 

• - — 

— 

— 

220 

440 

447 

— 

— 

— 

114 

— i 

— 

300 

590 

600 

— 

— 

— 

40,811 

55,846 

80,295 

90,961 

220,-526 

236,906 

8,022 

16,474 

41,312 

td4,143 

36,695 

38,132 

33,909 

77,134 

85,209 

14,208 

14,219 

14,222 

506,162 

412,509 

438,033 

718,461 

1,289,167 

1,253,850 

134,774 

144,158 

172,334 

100,290 

94,659 

80,020 

335,557 

: 785,703 

672,929 

43,642 

43,227 

40,020 

404,856 

367,690 

414,158 

18,063 

106,143 

89,765 

35,802 

68,862 

65,804 

616 

456 

— 

451 

960 

1,585 

— 

16 

8 

O IX, 424 

875,314 

932,211 

1,072,532 

2,181,973 

2,018,129 

214,218 

256,263 

278,166 

S,477 

10,796 

3,072 

35,537 

111,198 

161,108 

— 

435 

373 

Oi. :^,901 

885,110 

935,283 

1,108,069 

2,293,171 

2,179,237 

214,218 

256,698 

278,539 

4-91 

6*3 

6*45 

8*21 

9*62 

10*87 

3*74 

6*42 

14*83 

so in opoi 

ration. 









i-»IfiI^NSYLVANIA llAILKOAD. 


1016. 

1917. 

1918. 

34 

35 

35 

. zz 

156 

— 

4:1,772 

63,352 

121,273 

Tl>,021 

71,636 

70,731 

873 

79 

4,657 

550,660 

613,956 

664,257 

504 

18 

9 

4,0 T, 202 

441,655 

452,360 

003,239 

1,055,708 

1,121,283 

41,036 

41,776 

24,398 

>00,275 

1,097,484 

1,145,681 

4-14 

5*77 

10*59 
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KAILWAY KI.EC'FHIC’ TKACllDN 



Htatioii plant on th(‘ loconi(»t-iv<‘ hanlly givns jironiiHo of gmil 
advantage, (dther in first cost or running ecmt. 

The comparison of <‘ostH of different railway systems, unlt^sH 
conditions of opt^ration an* siinilnr. and siiiiilfir inetliods of 
accounting arc^ empIoy<‘d, is apt to be misleading and shoulil 
not he given undue* we'ight. Sfalistie's e'onipilf*d to fiiec‘f 
statutory rc‘(|uir(mu*nts l)ow<*ver have value, and if used with 
sagacity, justify genuTal eonelusions. lAble* a gives sliilisfies 
of rnaintetiance* costs of tin* (de*efrie' loeormdive»s itset! on a 
nurnhcr of AnuTicain niihvays, thi* ligun*s being lake*ii front 
tiie li(*ports of the* Int(*rstat(* C*onHne*ri’e romniissiem. In this 
table*, the X(‘W York ('e‘ntrab the* Pennsylvania, and tin* New 
Haven e*l(*cTrilic*alionH may be* eeaisidt*reel in a gmieritl way 
comparable*, as b(*ing te*rnunal <*l<*c’f ritii*iit iems of Xew ’^'ork 
(‘ity. The* Baltimejn* ami Ohio, the Clreaf Xoiiherii. the 
Michigan (Vntrab anel the Boston ami Maine eleeiritieaf ions 
are* comparable* in be*ing loeail funne*! syslems. The rbieago 
Milwaukee* and St. Paul, the* Butte, Aiiac*oncla amt Piieifie* 
and the^ Norfolk and We*ste*rn e^leeirirn'ntions aie eonipanilde 
as d(*a!ing with liesavy trains on steep gradieaifs. Iiieidenf idly 
the figure*H of table H show the* elfe‘et of tfie wjir in 
runriing e*xiH*nHe», 

i NTKitrEBAN Pahsknoku Skh\ h*e. ■ 1 lit matrbaf I field, lie pas- 
Bongi^r se*rvief‘, as eomlu«'te‘d in Aiii<’rie*ii» for some yeiirs 
regarded as partii'ulaiiy suitial to take advantage of the merits 
of the single-phase* system, and a niiniher f»f roads were so 
elc'»ctrifiecL Tlie se‘rvie*e in gf*m*rii!ly infermiffiaif. .iiiitl flie 
diHtance*s eonsideriiide*. IIh* Irallie is for most purl wairkeil 
by Hingle ears of great wi*ight. The st«eps Iwiiig few-, n liigh 
rate* ()f a(a*e*li*ration is not esMailiab Tfie di^tribiitioii mid 
Hubstation eosts in sitefi servit*e are propoHioiifit idy iiiiieli 
gremter than in city si*rviee. rnfoiiiniiifely, the infiaiorify 
of the motor hits proveet, the olwtiieli* fo stieeess, 

even he*re. The system shows no iidvitiifiige over flie roii- 
tiinioiis current syste*iti in suedi serviee ; iiiid indeed itiiwiy oP 
the roiiclH in Cjiiestion !iavi% niter -more or les-s extiiifieil 
ence of the former syst<*m, changeil to the Irittcr.* Hiicdi iietioii 
on the part^ of a riiihviiy wautlcl iiidieiil.i.^ ii saving in ojieriiliiig 

* M^g.f Aiifli*rseii IViwfioii Aiif'in|wfIi.H Hhort Lirit% Ailiiiitii iiiwl 
.Mfiriettf.0 .Illinois TritefifUi fiiiihwiy^ 

PMrncirit imci 'Xortlinno Pittsbargh nml lliitlrr, Tiii«ln iiiifl CliiiMigo, 
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expenne by the eoiivt^rsien stinuaent. to juntify iln^ heavy iwlcli- 
tional burden of capitalization itivolved in thc^ etiangi*. 

A compaiiHon was iuad<‘ komu* yearn ago, of op<*rating c^oii- 
ditionn and expcnnc^H of singlc-phane iiitenirban rrauln with 
those of high voltage (1.2(H) vciltn) efuttinuouH eurnuit roadH. 
The roads of the two kinds wvn* ehoscui to bc‘ as nearly as 
possible comparable* in servha* (umditions, and r(*pn‘H(*nt«*d 
more than 40 per cent, of the interurhaii mile^age* (d the* elanwH 
in question existing in the llnitiHl Htattm at the* tinu*. Tlw 
investigation (^Htablished that tin* avi*rag(^ number of men 
employed in car-banm and substations, t-akfui together, wan 
2'2 per car in service for roads worked by t in* single phaHe 
systcun, and I'O per ear in service* for tin* ecaitinuouH current 
roads. The cfuidnnefl running exp<*n.ses of coir bants and sub 
stations, t<»gc»tlH‘r with maintcaiaiHa* of overfH*ad lines, was 
found on the average to be* 5*42 cents {a*r car mile* for tlie single 
phase Hy.st(*m, and 2*44 c‘c*utHf<»r the ctoniin turns eurr<*nt.HyHtc*nn* 
The partie/ular case of the Washington lialt itnon* and Annapolis 
Kailroad,t a road whi<4i fnis had 4*xpc*ri<*nce in bot-h Mystems, 
may be cited. In li)00, under 0,000 volt single phase opera! icm, 
the number of ears was 23, and th<* number <d‘ men cmifdoyed 
in the ear-barns 03, the car barn <*xpens<*s arnounling to 3*72 
cents per ear-mi!(*. In HM I, under 1,200 volt eoiif iinunis eurr<*td 
operation, th<* iiumb(*r of cars was 44, tin* immb<*r of nu^n 
iuni)loyc*ci in the* eardiariis 27, and the ear barn expensi^H 1*37 
cet-,tH per car-unile. It is not remarkable t lH‘n‘fore that for this 
class of sc*rviee thc^singkephasc* system is no longer coit*^tdered. 

FuKQt'nxoY IN HiNoraMniAHK (lemtATictN. American expe- 
rience, t!i«*ref<#re, justilic's t he cepinion of thcise who favour ttu* 
contimums current system ; ami it is worttiy of notiee that <»f 
all couritrieH the l.init4*d iStctes ahuie fias had exftuided ex-^ 
pcri(*nee of both sysfcmiH under railway eondifions, iiieltifling 
the heavic*Ht classes of serviee. ( *onf inf*ntal enginef“r«, furwever, 
explain tli<! iinfavoiiriible results obtained wif.fi the single* 
phase HynUm in America as being dm.* princdpally to the gcftend 
use of a frequericy of 25 cy<4f*H |H*r sec-oiid instead of iihoiit 15 
cycles, m risjiiired for the Hticeessful operation of the single- 

Wttrrm ami JiiiriUHtiJWii, Washirigion, Haitiitif.»re iiiel Atttei.|.«ilifi, Y'lirk 
and Hiinovfir. 

* Tifms .EngincMiriiig Hupphmumt, Hiqd,. 27, 19-1 L 

t Qemral Mlmtrk Memewt voL 15^ p, 404. 
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phase motor. It must he admitted that there is some justifica- 
ji tion for the contention : the single-phase motor is severely 

i| limited ; and the lower the frequency of supply, the more 

||, successfully can it be designed, until at zero frequency it merges f 

! in the continuous current motor itself. This is well under- 

f stood by designers, and indeed the first proposal of single- 

|i phase operation, in America was at 16| cycles.*" The Visalia 

I; Electric Railway is moreover operated single-phase at 15 ^ 

cycles ; and the Pennsylvania experiments were conducted at 
, the same frequency ^ Nevertheless the additional expense 

and other grave disadvantages of generation at the low fre- I 
quency have caused the higher frequency to be generally 
|l accepted by American engineers as the lesser evil, 

r ' 

! ^ The Continental Development. — The single-phase system 

I ; has been developed rationally in Germany and other continental 

countries. The limitations of the locomotive motors have 
I ; been duly recognized, and the whole installation designed in 

I I conformity therewith. Motors of large capacity are employed, 

I I the motive power of the locomotive being concentrated in one 

I ' or two motors only ; although this involves the use of side 

I i rod types of locomotive. Power is supplied at a frequency of 

I 15 or 16} cycles per second; and is, in general, generated at | 

I I the frequency of supply ; so that the use of rotating machinery 

I 1 between generators and trains is avoided. Under these con- i 

I ditions it is claimed that disabilities under which the single- 

phase system has been found to suffer elsewhere, are no longer 
oppressive ; and the simple distribution arrangements accord- ^ 
ingly restore the balance in favour of the system. Unfortun- 
ately no adequate statistics are available in support of the 
claim. Unfortunately also, comparable experience with the 
rival system, under railway conditions, is almost lacking in 
I the countries where the single-phase system has reached its 

I I highest development. 

I : Bureaucratic ENGmEBRiNG.-~Tothe seeker after truth it 

i ; is a little disconcerting to find different communities arriving 

i i at different conclusions on fundamental matters of fact. In 

• details such differences are to he expected ; ‘ they are accounted 

I for by differences in labour costs, in the general level of skill 

and education of the workmen, in temperament of public and 

Transactions AJ,E.E., Vol. 20, page 15. 
t Vol. 26, page 1385. 
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staff, and in other such national characteristics. There are, 
however, no differences apparent in operating conditions in 
normal civilized countries sufficient to account for an entire 
change in economic values such as is indicated by a difference 
in system of operation. It might be imagined that the matter 
was really a somewhat indifferent one, were it not that, where 
direct comparison has been made between the systems, the 
results have always proved decisive. There is, however, an 
aspect of the matter which should be kept in mind. The 
management of a railway is a large and complex organism, 
with a natural tendency to bureaucracy ; and its efficiency is 
usually most in evidence when it is able to keep in a familiar 
groove. In breaking new ground, it is as apt as any other 
human institution to be carried away by the most confident 
of its advisers. But once having decided upon a course, and 
involved itself in great expense, it can rarely reconsider the 
matter ; for, besides the economic, there are very human 
issues involved. In the case of railway companies fettered 
only by commercial considerations, economic pressure may in 
the long run be relied upon to exert some righting effort ; but 
where the railways are owned and operated by the State even 
this influence will be of little avail. Under such auspices 
indifferent engineering is likely to be perpetuated ; for there 
is none to question it. But it is the Prussian State Railways 
that have led the development of the single-phase system in 
Europe ; and it is not too much to say that the opinion of its 
engineer has been largely responsible for the Continental 
development of the system. The biased attitude of the German 
authorities towards the question, may be judged from the 
following recent statement,* reported to be official : '' The 
German Federal Railway Administration has always considered 
the single-phase system as the only one possible for its main 
lines and has never, even temporarily, considered any other.” 

Apart from the State Railways there is no unreserved 
acceptance of the single -phase system in Germany. The 
Hamburg Elevated and Underground Electric Railway is an 
urban and suburban line which parallels in parts the single- 
phase Blankenese line, and deals with a similar class of traffic. 
It is, however, of more recent installation than the State line, 
having been opened for traffic in 1912. The concession for 

* Deutsche Allgemeine Zeitung, May 14, 1921, quoted from Electric 
Railway Journal, Vol. 58, page 14, July 2, 1921. 
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equipping and operating the railway was granted to Siemens 
and Halske and the A. E. G. jointly ; and it is worked by 
the continuous current system at 800 volts. 

However the main Continental development ended with 
the outbreak of war, and much water has flowed under the 
bridges since then. Outside of Germany there is generally a 
wholesome tendency to investigate the merits of the rival 
systems before declaring in favour of either. The French 
Government recently appointed a Commission to consider 
the question as regards its own railways ; and this Commission, 
after very careful and full investigation, reported strongly in 
favour of a continuous current system at moderately high 
voltage.* The Belgian and the Netherlands Governments 
have also investigated the matter, and have come to a like 
decision. The Swedish Government has the matter under 
consideration at the time of writing. The conditions in 
Sweden, it may be remarked, and particularly in the Northern 
provinces, favour the single-phase system ; and the decision 
to extend the electrification of the Riksgrans line to Lulea on 
this system, has all the appearance of sound engineering, quite 
apart from the interest vested in the system by the existing 
electrification. It is, however, the lines of the Southern 
provinces that are at present under consideration ; and here, 
although the population is sparce by comparison with the 
countries of Western Europe, it is sufficiently dense to render 
the choice of the single -phase system of doubtful expediency. 
Little has transpired of the Norwegian attitude towards the 
subject, for the natural extension of the Riksgrtos line from 
the Swedish border to the ice-free port of Narvik cannot be 
assumed to indicate a general policy. Switzerland is appar- 
ently committed to the single-phase system. The British 
authorities, through the medium of an Advisory Committee 
of the Ministry of Transport, which studied the matter in all 
its aspects, have decided in favour of the continuous current 
system, with a preferred line pressure of 1,500 volts, permitting, 
however, a multiple or sub-multiple of this figure where local 
conditions demand it. As regards extra-European countries, 
other than the States, it is of interest to note that both Brazil 
and Chile have adopted that high voltage continuous current 
system for extensive electrification schemes. The South 
African Railways have also adopted this system. 

* 1,500 volts. 



THE LOCOMOTIVE 

The motive apparatus for electric trains is in some cases 
preferably distributed through the train, employing the coach 
axles as driving axles, and in other cases more advantageously 
collected in locomotives designed for the sole purpose of accom- 
modating it. In suburban passenger service, if the full advan- 
tage of electrical working is to be realized, the multiple unit 
operation of motor coaches is essential, and this disposition 
of the motive apparatus can often be employed with advan- 
tage in other classes of passenger service ; although the extent 
to which it is economical to use it- depends largely on the 
system of operation employed, being greater in the continuous 
current system than in the single-phase system, and least of 
all in the polyphase system. Eor goods traffic and for high- 
speed long-distance passenger traffic, on the other hand, the 
independent locomotive is the preferable and in fact the only 
practicable means of applying tractive force to the trains. 
From the present point of view, however, which is concerned 
rather with the mechanical features of the drive than with 
economy of operation, it is unnecessary to distingidsh between 
the locomotive and the motor coach, for although the latter 
is burdened with certain restrictions which the former escapes, 
these restrictions are of so httle consequence that locomotives 
are frequently designed to employ the same type and arrange- 
ment of drive as is used on the motor coach. In the present 
work, therefore, the term ''locomotive” may be taken as 
including "motor coach” wherever the matter is apphcable 
to this form. 

Like most human contrivances, the electric locomotive is 
composed of elements which have usually to effect a compro- 
mise between more or less conflicting ideals, and the extent 
to which it is advisable to allow the various ideals to influence 
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tjhe design and construction depends on the circumstances 
and particularly on the system of operation and the class of 
service for which the locomotive is to be used. Much is to 
be learned in this regard from experience with the steam 
locomotive, although, as will readily be reahzed, the electric 
locomotive presents other problems and has its limitations in 
other directions. Much is also to be learned from tramway 
experience, and in fact some of the most successful electric 
locomotives have been developed directly from such experience. 
An uncritical description of existing electric locomotives would 
fail to furnish a reliable guide to the most desirable practice ; 
for some are known to be unsatisfactory, and compara- 
tively few have passed the test of having been duplicated 
at later date. Such a condition of affairs is of course to 
be expected in the early stages of development of a difficult 
art. 

CLASSIFICATION OF LOCOMOTIVES 

The number of types of electric locomotives that have 
been developed is large, and it is a matter of some difficulty 
to classify them clearly. They, however, admit of a primary 
division into two categories, namely, those in which the 
driving axles are actuated each by a separate motor, and those 
in which these axles are grouped and driven collectively, 
through the medium of side coupling rods, by one or 
more motors. 

Individual Drives. — Single Reduction Gearing. — In 
locomotives having independently driven axles, the commonest 
form of drive employs single reduction gearing, with the 
motor suspended between axle and transom. This method — a 
development from tramway practice— is in universal use for the 
motor coaches of multiple unit trains, and is still the commonest 
for locomotives of moderate speed and capacity. Fig. 1 shows 
the usual arrangement of the motor in which the gearing is 
entirely at one end, whilst fig. 2 shows an arrangement now 
frequently employed with powerful motors, in which twin 
gears are used. The unsymmetrical drive of fig. 1 tends to 
wear the journal and linings at the pinion end of the motor 
more than, and on the opposite side to, those at the commutator 
end, thus throwing the armature shaft slightly out of parallelism 
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with the axle and increasing the stresses at the inside end of the 
gear teeth. The gear face with large motors is usually made 
some 5 inches to 5 ^ inches wide, and increase in width beyond 
this does not, in practice, increase the effective tooth strength 
appreciably. The arrangement of fig. 2 makes better use of 
the material of the teeth, but with rigid gears results in inde- 
terminate tooth stresses, and accordingly requires very accurate 



fitting in order to make the two sets of gearing engage with 
approximately equal stresses. The need of such extreme 
accuracy may be avoided by the use of right and left-handed 
helical gears, between which the armature floats. Another 
means employed with the same object is to transmit the force 
from gears to axle through springs which by permitting appre- 
ciable strain tend to equalize the stresses (see fig. 3). Examples 
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of the use of twin gears are to be found in the Chicago Milwaukee 
and St. Paul locomotives, the Butte, Anaconda and Pacific 
locomotives, the Detroit River tunnel locomotives, the St. 
Clair tunnel locomotives, the Hoosac tunnel locomotives, and 
the Shildon-Newport locomotives. 

Quill Drive. — In some cases the axle-gears are mounted on 
sleeves or quills which surround the axles with adequate clear- 
ance and drive the wheels through springs (fig. 4). With this 
construction, since the axle bearings are carried by the quill, 
it is practicable to mount the motor above the axle, as is done 
in the Hoosac tunnel locomotives, and in many of the New 
York, New Haven and Hartford locomotives. Quill mounting 



is particularly useful in connection with single-phase motors, 
the elastic transmission serving to cushion the impulsive 
stresses of the driving forces which fall to zero or reverse twice 
in each period of alternation. By the use of this construction 
substantially uniform tractive effort is maintained at the 
wheels, whilst the heavy motor is supported elastically and the 
gear teeth relieved of shocks; and on this account the con- 
struction is frequently employed even when the single-phase 
motors are carried horizontally, as in the New Haven motor 
coaches. 

Gearless Drive. — ^Another method extensively used for 
driving locomotive axles independently, employs gearless 
motors having their armatures mounted concentrically with 
the axles. In some of the older locomotives, such as those 
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originally used on the Central London Railway, the whole 
motor was carried directly on the axle without the intervention 
of springs. This construction would not now he considered 


good practice, and in 
fact, the locomotives 
in question were early 
superseded on account 
of the excessive pound- 
ing effect of the heavy 
uncushioned masses. 
In the Grand Central 
Terminal locomotives 
of the New York Cen- 
tral and Hudson River 
Railroad, and in some 
of the C.M. and St. P. 
locomotives, the arma- 
ture of the driving 
motor is built directly 
on the axle, whilst the 
field structure is car- 
ried on the locomotive 
frame, the motor being 
bipolar and so con- 
structed that exact 
ad j ustment between 
armature and field in 
a vertical direction is 
unnecessary. Fig. 5 is 
a drawing of one of 
the New York Central 
locomotives in part 
section, and shows 
how the motors are 
mounted ; figs. 58 and 
59 show longitudinal 
and transverse sec- 



tions of such bipolar 


motors. In the New York, New Haven and Hartford Rail- 


road passenger locomotives of the first type, the motor is 
carried on the locomotive frame, whilst its armature is 
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built up on a quill surrounding the axle, and driving it 
through springs. The whole motor is therefore elastically 
supported ; but this construction has not been repeated. The 
gearless method of independent driving is particularly applic- 
able to high-speed locomotives operating on continuous current 
systems, for which motors can readily be designed to make 
effective use of the materials of construction. 

Collective Drives. — Locomotives, the axles of which are 
driven collectively by means of side coupling rods, exhibit 
greater diversity in arrangement than those having indepen- 
dently driven axles. They admit, however, of sub-division 
into two main groups ; namely, those in which the power is 



transmitted, and the relative motion of the parts determined, 
by the aid of suitable auxiliary axles or jack shafts, carried in 
bearings in the main frame about on the level of the wheel 
axles, fig. 6, and those in which auxiliary axles are absent and 
the transmission to the wheels is effected directly by the aid of 
triangular side-members, usually called ‘‘ Scotch Yokes ” in 
this country,* fig. 7. In these locomotives, it may be noticed, 
the motors are carried on the main frames, thus being entirely 
spring-supported from the axles ; and a primary requirement 

* The Scotch yoke drive is generally known on the Continent as the 
Kando drive. 
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of the transmission system is that it should'- 
not to interfere appreciably with the freedom"^bt^^4.Jifil:^E^ 
axles as regards displacement in a vertical direction. 
side-rods, coupling the wheels with the jack shafts, are accord- 
ingly in all cases sensibly horizontal, and so jointed as to allow 
the necessary freedom. In the Scotch yoke drive, moreover, 
the crank-pin brasses of the central wheels are made free to 
work in a vertical slot in the yoke, with the same object. These 
features are shown clearly in figs. 6 and 7 and in the illustra- 
tions given in the appendix. 

Where a group of axles are driven from a single motor, the 
transmission has hitherto usually been through quartered 
connecting-rods and jack shafts, and many locomotives have 
been constructed on these lines. The Pennsylvania and the 



Dessau-Bitterfield locomotives may be cited as typical exam- 
ples. In the earlier Lotschberg locomotives, however, the 
transmission to the jack shaft takes place through gears ; and 
this practice appears to be reviving and spreading. Sometimes 
two motors are used in connection with a single jack shaft, 
the later Wiesental locomotives (Baden State Railways) 
furnishing an example in which connecting-rods are used, and 
the Norfolk and Western locomotives an example in which 
gears are used to transmit the power to the jack shaft. Some- 
times, on the other hand, two motors are used to drive a group 
of wheels through two jack shafts, as in the earlier Wiesental 
locomotives of Siemens-Schuckert, and the Midi locomotives 
designed by the A.E.G. In the Scotch yoke drive the two 
motor-shafts are usually connected directly by means of the 
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yokes, wMch transmit the power to the wheels ; this is the case 
in the Giovi and Simplon locomotives and many others ; in the 
later Lotschberg locomotives, however, the motors are geared 
to yoked auxiliary shafts. 

Distbibutiojst of Types. — Collective driving has found less 
favour among American engineers than on the European 
continent, for having taken the leading part in the development 
of the continuous current system of railway operation, they 
follow natural and sound lines of evolution in preferring 
methods which experience with this system has justified. 
Many continental engineers on the other hand have convinced 
themselves that main line electrification is essentially an 
alternating current problem, and have developed locomotives 
with particular reference to the limitations imposed by the 
corresponding system of operation. Possibly, however, the 
difference is in some measure an accident of development, for 
the New York, New Haven and Hartford locomotives, the first 
single-phase locomotives of consequence to be made in America, 
were under the necessity of running both on single-phase and 
continuous current lines. The single-phase motor, on account 
of limitations of design, has an armature wound for about 300 
volts, and in order to use it on a 600- volt continuous current 
system at least four motors are required as a control unit ; 
this favours independent driving of axles. The motors of the 
New Haven locomotives are, as above mentioned, for the most 
part carried on the locomotive frame directly above the axles, 
and are geared each to a quill surrounding the axle with due 
clearance and driving it through springs. A side rod locomotive 
driving through a quill, an inclined connecting-rod, and a jack 
shaft was, however, supplied to the New Haven railway, but 
has apparently proved unsuccessful, and this experience, 
together with the troubles that have arisen in connection with 
European side-rod locomotives, has probably tended to deflect 
American development from the type. It is worthy of mention, 
however, that the chief example among powerful locomotives 
of the use of side-rod drive with continuous current motors is 
American, beiug that of the Pennsylvania Eailroad locomotives, 
of which thirty-three are employed for passenger traffic in 
the New York tunnel and terminal service. 

Other Differences. — As a whole, the locomotive may be a 
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single unit, or may consist of two units arranged to be 
employed together. With respect to the wheel system, the 
whole weight may be carried on driving wheels or part of it 
may be on running wheels. The driving wheel base of any 
unit may itself be a rigid unit, or it may be divided into sections 
corresponding to as many trucks, and capable of swivelling 
with respect to each other. The trucks may be connected 
together through their centre pins and the underframe of the 
cab, as in the ordinary motor coach ; or in the Metropolitan 
Railway locomotives ; and in this case the draw and buffing gear 
is usually carried on the underframe ; or they may be con- 
nected by means of a draw bar as in the North-Eastern Railway, 
Shildon & Newport locos, or by a maUet hinge, as in the Detroit 
River Tunnel locos, and in these cases the draw and buffing 
gear is carried on the truck frames . 

Although by no means exhausting the possibility of variation 
in the electric locomotive, the above remarks show how great 
the variety is, and although some types are doubtless 
ephemeral, there are nevertheless a number of types which 
exhibit signs of permanence. With a few exceptions it may 
be said that locomotives having collectively driven axles pertain 
to alternating-current systems, that of these, those which use 
jack-shaft drive pertain to single-phase systems, and those 
which use the Scotch yoke drive pertain to polyphase systems. 
The ultimate reasons for the development and distribution of 
the types must be sought partly in the properties of the driving 
motors as affecting their essential design under the limitations 
imposed by locomotive service, partly in the class of service, 
partly in customary methods of handling traffic, partly in the 
influence of steam locomotive engineers, and partly in some 
cases in bureaucratic prejudices. 

Classification by Wheel -arrangement. — It will perhaps 
assist intelligent discussion of the subject if a system of classifi- 
cation according to wheel-arrangement is here explained. The 
system usually employed in England and America has been 
adopted from steam-locomotive practice ; but it does not 
furnish the same information as in the case of the steam loco- 
motive, particularly when the axles are driven by independent 
motors. In the first place, the distinction between driving- 
wheels and guiding-wheels is frequently lost, since the same 
wheels may serve both purposes ; in the second, the distinction 
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between a main locomotive-frame and a truck-frame is some- 
times indefinite. It is convenient, however, to consider the 
locomotive or locomotive unit as possessed in general of three 
groups of wheels : namely, a front guiding group whose axles 
are capable of radiating with reference to the main locomotive 
frame, an intermediate group whose axles are transverse to 
the main locomotive frame, and a rear group whose axles are 
capable of radiating. The middle group is sometimes divided 
into sections corresponding to articulated sections of the loco- 
motive frame. The wheel symbol consists of three or more ^ 

figures, of which the first and last give respectively the number 1 

of wheels in the front and rear radiating groups, and the inter- i 

mediate figures the numbers in the groups whose axles are | 

transverse to the main frames. It should be noted that, I 

whereas in the steam locomotive, the centre figure gives the H 

number of driving wheels, in the electric locomotive the symbol 
is not to be interpreted in this manner. Thus the Metropolitan j 

Railway locomotives,* like ordinary motor coaches, have the ^ 

symbol 4-0-4, having leading and trailing bogies, but no wheels 
carried directly on the main frame. In the articulated truck 
locomotive, the truck frame forms the main frame of the loco- 
motive; the Detroit River Tunnel locomotive,* for example, ■ 

has symbol 0-4r~4-0. One type presents some difficulty, and ! ; 

if it were not exceptional would compel reconsideration of the I 

system of classification. This is the original New Haven y 

passenger locomotive,* which was designed as a 4-0-4 type, " 

having the draw gear on the underframe of the cab and trans- 
mitting the tractive effort through the centre pins. Afterwards 
an independent radial axle was added to each truck, and the 
locomotive is now usually classed as of the 2-4-4-2 type. ^ 

Where the locomotive consists of two units, each of which forms ? 

i 

a complete locomotive in itself, it will be convenient to connect j 

the symbols of a + sign. Thus the complete B & 0 | 

locomotives * of 1903 may be represented by the symbol 
0-8-0 -f 0-8-0, and the Norfolk and Western* by 2-4-4-2 + 

2-4~4-2. The Pennsylvania locomotive,* on the other hand, 
is usually represented by the symbol 4-4-4r-4 rather than by ; 

4-4-0 + 0-4-4, since the units although capable of being 
separated are not themselves complete locomotives. There 
is indeed no distinction in wheel arrangement between the 

* See Appendix. 
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4 _ 4 _ 4_4 Pciinsylvaiiiii locomof iv<‘ of fig. 204 and Ihc 4 4 4 4 
Now York CViitral <if fig. 201. for (lie fji(d. that in 

the latter, the twn units of f he frame earry a .single eah hefwecn 
them has no s{>eeial signifieane*' fnnti fhe |)re.sent point of view. 

Continental System of Cla.ssification. ('(tntinenfal 
engineers use another .system of eias,sifi<-ation, d<*vi.sed partien 
larly to suit the fyjie.s of lo<’omotive with whieh they have 
usually to (h'al. 'I'he syinhol eon.sists of a figun- to give the 
numher of radiating h*ading axles, one or more letters to 
rcpre.sent the numher of eoiqded driving axle.s A standing for 
single firivc'rs, It for two coupled, (‘ for three coupled, and so 
on — and a figure to give fhe numher of radiating f railing axles. 
Thusthe Pennsylvania ha-omofive i.s repres<mteii hy the syinhol 
2 B B. 2and the Norfolk A- U'esfern iiy 1 B B I : I li B 1. 
The systmn does not suit hieomotives in whieh fhe guiding 
trueks earry driving motors as in the later N'lav N'ork Centrid 
locomotives. Xi'if her system indeed neee.s.sarilv gives inform 
ation as to the function of the whei 1.-. : or taki'S account of ail 
the variations to which the eleefrii' loeomofive is susccpf ihle. 

tJK.VkUAL JiKSCHIPriOX OK l,0( 'O.MO'I’I VKS 

The electric loeomofive consisf.s in general of one or more 
main frame.s, each suppitrted foun axle Isoxes through springs. 
The axledioxes slide vertically hefwcen mar-hiiied guidca in 
the main frames, hid except for the small sliding clearances 
have usually no other freedom. Pivota'Iy conme-ted with 
tiu* main tiuck may he one or two auxiliary trucks, ’spring 
supported from seeondary axle ho.xes uial arrangcti to earry 
part of the weight of the main truck, 'f’hc auxiliary frucitH 
arc usually permitted a certain nniomd of frced,,ii, o, „„,ve 
laterally against i-lastii' centering fon-c.s, in order to allow the 
locomotive to pass round enrve.s. Somef inie.s. however, as 
in tin* inotftr eoucji and loeoinotix'es of similar eoii'drin't ion, 
the whole wi-ight is carried on a jaiir of swivelling tracks, and 
lateral displacemerd is then unneecHsary, In other caws, the 
soeondar>’ axle hoxes ar«< hung from flic main fratnes, with a 
certain freedom for lateral and radial diMplacenicnf against 
elastic constraint. Ihc lociunolive frame, or frames, carrx* a 
Kuperstruct lire containing the driver's eah, wilfi fhe eonf rolling 
and other auxiliary gear, the snper.sfrnelnre I,cing in »o,m- 
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cases rigidly connected with the main truck, and in others 
pivotally connected to two trucks by centre-plates or pins. 

Degrees of Freedom. — The locomotive is substantially 
rigid with regard to the main wheel-base, for three independent 
modes of displacement, namely, for longitudinal, and transverse 
linear displacements, and for rotation about a vertical axis. 
For three other modes of displacement, namely, for trans- 
lational displacement in a vertical direction, and for rotational 
displacement about longitudinal and transverse axes, the frame 
has a certain freedom against elastic constraint, and is accord- 
ingly subject to three kinds of bodily oscillation, namely, 
tossing, rolling and pitching. To put the matter more con- 
cisely, the locomotive structure is rigid with its wheel-base for 
displacements parallel to the plane of the wheel-base, but is 
carried flexibly as regards other displacements. This is also 
true of the auxiliary trucks, when considered in relation to 
their own wheel-bases. In relation to the main wheel-base, 
however, the auxiliary truck frames are capable of rotation 
about a vertical axis, and usually of independent lateral dis- 
placement against the opposition of elastic or gravitational 
forces. 

Main Frame. — It is necessary to make the main frame of 
the locomotive of great strength and rigidity in order that it 
may retain its truth under the stresses which service imposes. 
Forms of construction which may conceal internal stresses 
should be avoided, for it is difficult in such to prevent warping 
under the severe percussion of service ; and for this reason 
frames built up of rolled parts have generally been found to 
give the most permanent satisfaction. The same is true to a 
somewhat smaller extent of the frames of auxiliary trucks, 
particularly when these are used as motor trucks. Accurate 
workmanship is very necessary, particularly as regards the 
location of axle-box guides, for by parallelism of axles only is 
smooth running attained, and the maintenance costs, both 
for locomotive and track, reduced to a minimum. 

Superstructure. — The superstructure of the locomotive 
consists of a stifi; underframe, or platform, largely built up of 
channel sections, surmounted by a framework of tees and 
angles covered in for the most part with steel plates. The 
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diamber so formed contains contactors, resistances, and other 
controlling apparatus, besides providing accommodation for the 
driver. In some locomotives, as in figs. 190 and 193, the whole 
cab consists of a single compartment in which the driver’s 
gear is located at the two ends. In others, as in figs. 189 and 
192, the driver occupies a central compartment, which looks out 
over lower end compartments containing the auxiliary gear. 
In fig. 198 there are two drivers’ compartments, separated 
by a central compartment containing an oil-fired boiler for 
providing steam for heating the train. In some locomotives, 
as already explained, the underframe bears the drafting stresses 
and is designed accordingly, the structure being carried on 
centre plates and side bearing blocks attached to rigid top 
bolsters, and in such the tractive effort of the wheels is trans- 
mitted to the underframe through the centre plates and king 
pins. In other locomotives the drafting stresses are taken 
through the truck frames and through a draw- bar or hinge 
pin, the underframe being then designed simply for the support 
and carriage of the cab and its contents ; and in such cases the 
superstructure is located with reference to two centre plates, 
one of which is allowed a certain amount of freedom in a longi- 
tudinal direction. In still other locomotives the superstructure 
is built on the truck frame, its underframe being only designed 
for the support of the floor : the B. and 0. locomotive * of 1903 
is an example of this. 

Bogie Trucks. — The four-wheeled bogies commonly used 
for carrying passenger stock, and almost exclusively for 
motor coaches and locomotives having similar drive, are either 
unequalized or only partially equalized. In British practice 
the bogies are usually unequalized, the frames being supported 
directly from axle-box springs, the flexibility of which results 
in approximately uniform distribution of the centrally-carried 
load, having regard to the accuracy of workmanship and good 
roadbed which characterizes British railway practice (see 
fig. 14). In American practice it is more usual to adopt some 
form of partial equalization. In the M.C.B. type of truck, 
for instance (fig. 15), the frame is supported by nests of springs 
from a pair of longitudinal equalizing beams, the ends of which 
rest on the axle boxes. It is clear that if the springs were 

* See Appendix. 
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located at the centre of the beams the longitudinal equalization 
would beperfect ; but the frame would be unstable, tilting under 
the stresses of braking or acceleration ; whilst if the springs 
were over the axle-boxes there would be no equalization. 
The springs are located near to, and between, the axle-boxes, 
an arrangement which gives the necessary stability and 
provides also a certain measure of equalization. In the 
guiding trucks of the New York Central locomotives of fig. 201, 
longitudinal equalization is provided, stability being secured 
by giving the locomotive frame a long bearing base of support 
from truck ; thus any tendency of the frame to tilt is accom- 
panied by a redistribution of weight opposing the tilting. 

The motor bogie does not differ in essentials from the 
ordinary trailing bogie ; but the presence of the motors, and the 
stresses which they impose, necessitate extensive modification 
in the arrangement and strength of the parts. The use of 
longitudinal and cross bracing being rendered impracticable 
by the presence of the motors, the transoms are greatly in- 
creased in size ; and in fact the whole frame is made heavier 
and is very stiffly gussetted. Central brake rods, and brake 
beams between the axles, being inadmissible for the same 
reason, and outside-hung brakes exercising a considerable 
tilting action on the frame, it is usual to apply the braking 
forces by means of side rods pulling in the plane of the brake 
shoes and actuated in unison from a radius beam carried in 
guides attached to the inner headstock. The brake-blocks 
are preferably applied to both sides of each wheel. In the 
built-up bogie of fig. 14, the frames are composed of 12 inch 
by 4 inch by 0-6 inch channel for solebars and transoms, with 
I inch plates for horns ; the bolster rests on two sets of four 
helical springs and is built up, in box-girder form, of 8 inch by 
3 inch channel and J inch plates, and has a lateral movement 
of 1|- inches each way. The laminated bearing springs support 
the frame through auxiliary helical and rubber springs at the 
ends.* The combination of the two kinds of spring in the truck 
is found to result in improved riding qualities and freedom 
from excessive oscillation ; and with the same object the 

* See “ The Electrical and Mechanical Equipment of the All-Metal 
Cars of the Manchester-Bury Section, Lancashire and Yorkshire Rail- 
way,” by George Hughes, M.Inst.C.E . — Minutes of Proc. Inst. G.E., 
vol. 208, p. 201. 
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M.C.B. truck frame of fig. 15 is supported on compound helical 
eq[ualizer springs, whilst the holster is carried on triple elliptic 
laminated springs. 

In locomotives of the swivelling truck type, designed for low 
speed work, the bolster of the truck is in many cases attached 
rigidly to its side frames, so that there is only one set of springs 
in series between the rails and locomotive body. For somewhat 
higher speeds, however, the bolster is floated on springs carried 
on a spring plank which is attached at its ends to the truck 
frame. In locomotives intended for still higher speeds, and 
invariably in coaching stock, the bolster is floated from the 
spring plank, and this is itself swung from the transoms by 
means of links directed outwards at their lower ends. 
The clearance provided allows a certain amount of lateral 
movement to the body, with gravity centering. . Sometimes 
lateral motion springs are fitted to assist the centering and 
cushion the blows of the bolster on the side frames. 

Motor Coaches. — In the motor-coach, the main power- 
controlling equipment, comprising contactors, reversers, air 
compressor, governor, air reservoirs, etc., is frequently carried 
below the underframe, where it does not occupy revenue- 
earning space. The master-controlling equipment only, includ- 
ing cut-off and certain safety devices, is located in the driver’s 
cab. This arrangement is practicable only where the train 
runs in the open or in large tunnels, so that in case of need 
the apparatus can be got at from the road. In the London 
tube lines, the tunnel clearances are insufficient to permit of 
its use, and it becomes necessary to carry all auxiliary apparatus 
within the body of the coach. Even without this limitation, 
however, many operators prefer to carry the controlling equip- 
ment in a compartment of the coach body, where it is instantly 
handy for inspection or adjustment. Motor coaches are of two 
general kinds, those having two-motor equipments and those 
having four-motor equipments. Both are used in suburban 
service, the former naturally in the less exacting kinds. 

Equalization. — A very important problem in the design of 
a locomotive is that of equalization, whereby the effects of 
imperfect construction or warping of side frames are reduced 
in so far as they result in inequality of loading of the several 
axle-journals. Without equalization, the locomotive is in 
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mticli the same indeterminate condition with regard to the 
weight on wheels, as is a table standing on four or more feet. 
On even track and with all parts true and properly adjusted, 
the weight carried by each wheel may be the same, but on 
uneven track or with distorted frame, the several weights may 


CD E F 



be far from equal, depending principally on the amount of 
strain in the corresponding riding springs. The purpose of 
equalization, as its name implies, is to cause the weight of the 
locomotive to be distributed equally between wheels of the 
same kind, and its effect is to reduce the number of points by 




Pig. 9. — Eqxialization. Chicago Milwaukee and St. Paul Locomotive. 


which the frame is supported. The designer of the locomotive 
generally aims at reducing this number to three, located at the 
angles of some triangle within which the vertical from the 
centre of gravity always falls. If he succeeds in attaining 
this object, not only will the support be stable, but the dis- 

i 

Fio. 10. — Equalization. Butte Anaconda and Pacific Locomotive. 

tribution of weight on the several wheels will be determinate 
and will not depend to an appreciable extent on small imper- 
fections, whether in the track or in the locomotive structure. 
Equalization is therefore of great importance in all locomotives, 
and particularly so in those designed for operation at high 
speeds, contributing largely to smooth riding over the irre- 
gularities of rail surface and alignment. 
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Equalizing Bae. — The system 
of equalization usually employed 
on locomotives is made up of ele- 
ments of the type represented 
diagrammatically in fig. 8. Here 
A and B mark the positions of the 
axle-boxes ; CD and EE are axle- 
box springs which support the side 
frame directly at L and N, and 
indirectly: through the equalizing 
beam GH, at M. It will readily 
be seen by regarding the arrange- 
ment as a system of levers that 
the weight carried is equally 
divided between the axle-boxes A 
and B, the springs taking the 
strains appropriate to this con- 
dition. Furthermore with the 
axle-boxes fixed, the frame can be 
tilted by a small amount about the 
centre K, as shown by dotted 
lines, without affecting the strain 
of the springs or disturbing the 
static equilibrium of the system. 

Thus the frame is in effect sup- 
ported from the axle-box system at 
the point K only. If, as is usual, 
the wheels on the opposite ends of 
the axles are equalized in a similar 
manner, a second point of effective 
support for the frame is provided. 

Many examples of this form of 
equalization might be cited, as in 
the trucks of the Chicago Milwau- 
kee and St. Paul locos of fig, 197, in 
which the third point of support 
for the first main frame is at the 
centre plate of the auxiliary truck, 
and for the second main frame 
at the joint between the frames. 

This joint is of the Mallet-hinge form and therefore capable 
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of taking vertical stresses, wHcL are, however, in this case 
merely residnal out-of-balance stresses. Fig. 9 shovs 
diagrammatically in plan, the effective points of sup- 
port of the frames in these locomotives. In some cases the 
two wheels on the same axle are equalized together, by 
means of a transverse equalizing bar, which results in an 
effective point of support on the longitudinal axis of the 
locomotive. Examples of this practice are to be found in one 
of the articulated trucks of the Butte Anaconda and Pacific 
locomotives, or of the Detroit River Tunnel locomotives, the 
second truck being longitudinally equalized in each case. 
Fig. 10 shows diagrammatically the arrangement of effective 
points of support in the former of these locomotives. Fig. 
11 gives a view of the trucks of the latter. 

As an example of a more complicated system of equalization, 
that presented by the first N.Y.C. locomotives (see fig. 5), 



Fio. 13. 

Eqaalization, ISTew York Central Locomotive. 


and shown diagrammatically in figs. 12 and 13, may be con- 
sidered. Here ABC A'B'C' mark the positions of axle boxes 
of which AA' are those of pony wheels, which are equalized 
with the main driving wheels, the lengths of the lever arms 
being chosen to give suitable pressure on the two types of 
wheel. DEF D'E'F' are points of support of the frame and 
of these D is really on the longitudinal axis of the locomotive, 
a transverse lever being interposed between the lever system 
shown and that on the opposite side. Let KK' be the effective 
points of support for the two lever systems, for tilting dis- 
placements in the plane of the figure, and let a 6 c x be the 
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dimensions indicated in the figure. If the frame is tilted 
through a small angle, 6, about K.E is raised (a + & + c — a;) 0, 
E is raised (a + & — x) 6, D is lowered {x — a) 6 : G is low- 
ered by the amount that E is raised added to twice the amount 
that E is raised, oT\_a + c —x 2 {a +1) —x)'] d, whilst 
D is lowered a / a + b — cof this amount, accordingly : 

X — Oj = •[ 3[c(/ b) “i" c — 

a + b —c 

4a(a + b) 

QT X — - 

4a + 6 — c 

The effective points of support of the structure are accordingly 
at K', at the corresponding point on the opposite side of the 
locomotive, and on the longitudinal axis opposite to K. Fig. 
13 shows the location of these points in plan. 

Influence of Springs. — The greater part of the mass of the 
locomotive, being spring-borne, does not contribute to the 
impulsive shocks arising from vertical and transverse irregu- 
larity in the track. The springs minimize the effect of vertical 
impulses directly, and where the weight is carried at some 
height above the plane of the spring seats, permit of a rocking 
motion about the longitudinal centre line in this plane, and 
thus in a measure relieve the transverse impulses of the great 
mass of the locomotive. The smaller the transverse spring 
base and the greater the height of the centre of gravity of the 
locomotive above it, the less will be the strain of the springs 
for a given transverse displacement of the wheels ; thus forms 
of locomotive having the axle journals outside the wheels and 
the motors placed low, require greater flexibility in the riding 
springs than is necessary in locomotives having the axle j ournals 
between the wheels and the motors in the superstructure. 

RIDING OF LOCOMOTIVES 

Pressure on Rails. — When running on curved track the 
weight of the locomotive is no longer distributed equally 
between the two rails. If w is the weight of the locomotive, 
considered as a rigid body, Ti the height of its centre of gravity 
above track level, and v its velocity, s the superelevation of 
the outer rail, b the gauge of the track, h the curvature of the 
track (i.e. the reciprocal of its radius of curvature), and g the 
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acceleration due to gravity, the normal pressure on the outer 
rail is given approximately by : — 


P. 


^ w 


■ w 


(1 / Icv\ S \ . h (kv^- _ s \1 

(2 g V + 6 V g b Jj 

that on tlie inner rail is given by : — 

fl / lev - s \ - h fkv '"- s \ ) 


( 1 ) 


( 2 ) 


The transverse force required to cause the locomotive to 
travel in the curve is given by : — 


P .^ ~w 




( 3 ) 


This, which, it will be noted, is independent of A, is supplied 
by pressure on the flanges of the wheels, and acts on the loco- 
motive structure either directly through its axle-box guides, 
or indirectly through the centering springs of a guiding truck. 
If the speed and conditions are such that P^ (equation 2) 
becomes negative the locomotive commences to overturn, and 
it will be noted that for given track conditions the tendency to 
overturn is greater not only with higher speed but with greater 
height of centre of gravity. The removal of the restriction 
which treats the locomotive as a rigid body makes the tendency 
to overturn somewhat greater than is indicated above. 

Effect on Riding Qualities of the Height of Centre of 
Gravity. — There is a general impression, derived from experi- 
ence with steam locomotives, that for easy riding, the centre of 
gravity of the locomotive should be carried high. In dealing, 
however, with locomotives in which the natural distribution 
of masses is so different as in the steam and electric locomotive, 
it behoves the engineer to examine the basis of the impression, 
particularly as experience with electric locomotives does not 
appear to lend support to the popular notion. A defect of 
alignment in the track, peculiarity of the locomotive or other 
circumstances which results in a wheel-flange striking the rail, 
may be regarded as giving a blow to the wheel which impresses 
on it a certain transverse velocity, v, depending on the nature 
of the irregularity and on the velocity of running. The wheels 
and axle affected, with such other parts as move rigidly with 
them, take tjtie velocity v and impress a certain blow on the 
spring-borne structure, through the horn-blocks : it is the 
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effect of this blow that determines the riding q[uality of the 
locomotive in so far as it depends on the distribution of masses. 
If Ti is the height of the centre of gravity of the spring-borne 
structure above the axles, M the mass of this portion of the 
locomotive and h its radius of gyration about a longitudinal 
axis through the centre of gravity, if further u is the transverse 
^ velocity of the centre of gravity and co the angular velocity 
about the above axis, consequent on the blow on the wheel, the 
velocity v is given by : 

V ~ u -\-h(jc> 

The blow on the horn block is : 

CO 

Ti -h h- 

thus : u = k^v/{k^ + h^) (4) 

and the energy of the impulse is : 

+ Mk^co^-) = +h^-) . . ( 4 a ) 

The impulse is accordingly the smaller, and the riding quality 
the better, as Ti/k is the larger. It is the height of the centre of 
gravity of the spring-borne structure, in its relation to the 
radius of gyration of this structure about the longitudinal 
axis, that it is desirable to make as large as is practicable. In 
particular, it may be remarked that the carriage of the motors 
on the axles is not incompatible with easy riding ; nor is their 
carriage by the superstructure of necessary advantage from the 
present point of view. It may also be remarked incidentally 
that it is generally desirable to distribute the apparatus carried 
in the superstructure longitudinally rather than transversely, 
in order to keep down the value of h. 

The original Hew York Central locomotives carried their 
centre of gravity about 44 inches above rail level ; and that of 
the superstructure about 29 inches above the axles. The first 
New Haven passenger locomotives, in their original 4-0-4 
form, carried theirs at a height of about 51 inches above rail 
level ; and that of the superstructure approximately 24 inches 
above the axles. American steam locomotives sometimes 
carry their centre of gravity as high as 73 inches above the 
rails.* With regard to English rolling stock, for which it must 
be remembered the height of limiting structures is smaller 

* Sprague, Transactions A.I.E.E., vol. 26, p. 756, 
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than in America, the following figures for the height of the 
centre of gravity above rail level have been given by Mr. 
Aspinall * : for a 10-wheeled bogie passenger engine, 66 inches ; 
for an 8-wheeled radial tank loco, 58 inches ; for a Liverpool- 
Southport trailer car, 56 inches ; motor car, 45 inches ; and 
motor bogie, 22 inches. 

Discussion of Running Qualities. — The first requisite for 
the satisfactory running of a locomotive is that the wheel 
arrangement should be geometrically and kinematically 
correct. By this is implied that, if the track were perfectly 
true to gauge, the locomotive would be able to pass over it 
without encroaching on the clearances, and with the wheels 
simply rolling ; or if the clearances were annulled the locomotive 
should be able to run everywhere without binding, or tending 
to mount the rails. It is not practicable to satisfy this con- 
dition fully. Eor instance, it is necessary to have the wheels 
in pairs of the same size, rigidly connected through their axle, 
hence it is impossible to pass round a curve with pure rolling, 
as the outer rail is longer than the inner. It is practically 
necessary also that some at least of the axles should be parallel, 
whereas to satisfy the ideal conditions, the axles should every- 
where radiate from the centre of curvature of the track. The 
nearer the axles are to being at right angles to the direction 
of motion, the less the tendency of the wheels to mount the 
rails ; hence the rigid wheel base should be short compared 
with the radius of the curves in order that the axles may 
approximate to the condition. If more than two axles are 
within a rigid wheel base, it is obvious that the wheels cannot 
lie on a curve without encroaching on the clearances, and on 
this account intermediate axles are often allowed additional 
clearance or side play. 

Radiation of Trucks. — Treating the set of wheels within a 
rigid wheel base as a unit, if two such units are included in 
one locomotive, it is necessary either that both should radiate 
with reference to the frame, as in ordinary bogie coaches and 
locomotives constructed on similar lines, or, if one is rigidly 
attached to the frame of the locomotive, that the other should 
be capable both of radiating and of moving transversely, as in 
many steam and electric locomotives having guiding wheels 

* Presidential Address, I.M.E., 1909. 
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additional to the driving wheels. In the latter case, the trans- 
verse movement of the guiding wheels is opposed by centering 
springs or their eq[uivaleiit, which by their reaction on the 
structure turn it in accordance with the guidance of the truck. 
Sometimes, as in the ordinary leading or trailing pony axle, 
the amount of transverse movement is geometrically connected 
with the amount of swivelling, being effected by a rotation 
about a pin at some distance from the pony axle. With this 
arrangement radiation is imperfect, unless additional end play 
is allowed in the axle. Where two trucks are connected by 
means of a hinge joint, considerations of geometry require 
somewhat greater flexibility than is provided by this type of 
joint ; inasmuch as the longitudinal centre line of each truck 
should be in the direction of motion of the truck, and should 
touch the mean line of the track at the centre of its wheel 
base. This implies that the tangents from the hinge pin to 
the track line should be equal, which, whilst possible when 
the curvature is uniform, is not in general possible in transition 
from straight to curved track. With the curvature usual on 
railway tracks, however, the deviation from accuracy so intro- 
duced is not of importance ; but it would be otherwise if 
two long bogie coaches had their underframes articulated by 
means of a simple hinge. In this case the four bogie centres 
could not generally be placed on a curve with the two under- 
frames meeting at the hinge pin, unless the curve were one of 
uniform curvature, and considerable stresses might be set up 
in transition from straight to curved track, if the hinge con- 
nection were used between coaches, in place of the draw bar. 

Forces at Wheel -treads. — It is accordingly impracticable 
to satisfy, under all circumstances, the geometrical and kine- 
matical conditions necessary to secure that the locomotive 
may always make progress by simple rolling of the wheels, 
and with departure from correct conditions slipping and creep- 
ing occurs at the wheel treads, accompanied by frictional and 
elastic forces and flange pressures. At high speeds further 
large stresses appear between wheel and rails, due to certain 
inertia effects which will be discussed later. In addition, 
however, to these forces, which would arise equally with per- 
fectly true and rigid trackwork as with such track as can 
practically be laid, others of an impulsive nature are up set. 
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due to irregularity of surface and alignment. These, which 
must be made the subject of separate study, involve generally 
and principally the portion of the mass which is not carried 
on springs, the wheels, the axles, the axle-boxes, the side-rods, 
etc. For steady motion on curves, which will be considered 
first, the locomotive may be assumed to move as a rigid body. 
Its whole mass accordingly comes into question, the clearances 
and the deviation of the springs being exhausted at the incep- 
tion of the motion. 


Motion in Curve. — ^A rigid body, moving with velocity v in 
a plane curve of curvature h, has an acceleration compounded 

of — in the tangential direction and hv^ in the normal direc- 

Ctb 

tion. The angular velocity of the body is hv and its angular 
dfo 

acceleration h , I being the distance measured along 

dt dl 


the curve from a fixed point. Thus if M is the mass of the body 
and I its moment of inertia about an axis through its centre 
gravity at right angles to the plane of the curve, the outside 

forces acting on the body have resultants M ^ and along 


the tangent and inwardly drawn normal respectively, and 

moment I ( about the above-mentioned axis 
\ dt dlJ 


through the centre of gravity. 

In the case of a locomotive the external forces acting on it 
may for convenience be divided into two classes. The com- 
ponent of gravity due to gradient or to superelevation of the 
rails, the head resistance, the draw bar pull of the train, the 
centering forces of auxiliary trucks, and the like, comprise the 
first class, and these forces must be assumed known in the 
circumstances of any particular problem. The interactions 
between the several wheels and rails form the second class, 
and these will be made the subject of discussion. Distinguish- 
ing the known forces by dashed letters, and writing T for the 
tangential, N for the normal force, and G for the moment of 
the forces, the equations of motion may be written : 


= T + T' 
dt 


(5) 


THE LOCOMOTIVE 


47 


= N + N' (6) 

=0 + G' .... (7) 

\ wt dlj 


In discussing the question of running on curves, the accelera- 
tion in the tangential direction has no particular interest and 
it will generally be sufficient to assume that the axles are 
running idly, so that T=0, not only for the whole locomotive, 
but for each pair of wheels. Moreover, if the track is laid 

with due regard to easy transition, the term involving ^ is 

(hi 


small, and for most purposes equation 7 may be written 
G + G' = 0. It will be convenient in general to divide the 
transverse force W into two parts, namely, Ni due to centering 
forces of auxiliary trucks and the like, and Mgs/b due to super- 
elevation of the track, s being the value of the superelevation 
and b the track gauge, as in equation 3. If is the speed for 
which the track is superelevated, or that which makes = 0 
in equation 3 : 


kvo^ 


$ 



thus equation 6 can he written in the form 

— Vo") =N +Ni . . . .(7 a) 


Interaction between Wheel and Rail. — There are three 
general modes of progress of a wheel on a rail, which may be 
designated respectively, rolling, slipping and creeping. The 
first is the natural function of the wheel and requires no explana- 
tion. The second also is readily apprehended as a form in 
which there is relative motion between wheel and rail at their 
point of contact. The third, however, is somewhat more 
recondite and requires explanation. The interaction between 
wheel and rail is really a very complicated one — the material 
in the region of the area of contact being strongly stressed. 
When the wheel simply rolls on the rail, the state of stress is 
symmetrical about the axial plane bisecting the area of contact 
and the resultant interaction is a simple pressure. If, how- 
ever, as the wheel rolls, a force is applied to it in any direction 
tangential to the area of contact, the material in the region of 
this area is deformed, extended elements of one member being 
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successively brought into contact with compressed elements 
of the other, with the visible result that the wheel, besides 
rolling, creeps slowly in the general direction of the force. 
Thus a driving wheel makes a somewhat greater number of 
revolutions in a given distance than an idly running wheel of 
the same size, and the difference, considered in relation to the 
tractive effort, measures the creepage. As the tangential 
force is increased, a value is ultimately reached at which the 
surfaces in contact can no longer grip with sufficient intensity 
to transmit the force, and slipping then commences, continuing 
as long as the force is maintained. Conversely when the 
motion and the geometrical connections are such as to compel 
creeping as an accompaniment to the rolling of the wheels, a 
tangential force is set up at the contact face. The value of 
this force depends upon the rate of creeping as compared 
with that of rolling, until a certain limiting rate is attained, at 
which slipping commences, and the force becomes sensibly 
independent of the rate. Under ideally uniform conditions 
it is possible to conceive an abrupt transition from creeping 
to slipping, but with the unevenness of actual surfaces and the 
vibration of running the boundary between the two states is 
naturally indistinct. 

Creepage. — It is convenient to define creepage as the ratio 
of the rate of displacement by creeping to the rate of displace- 
ment by rolling, and to adopt the word '' gliding ’’ to include 
either slipping or creeping. With the above definition, the 
creepage, within limits set by the yielding of the material, is 
clearly proportional to the elastic deformation in the region 
of the interface and therefore to the tangential force between 
wheel and rail, at any rate for displacements in principal 
directions. If accordingly a and a' are components of creepage 
in the longitudinal and transverse directions respectively, the 
corresponding components of tangential force on the wheel 
may be written --/a and -fa'. No data are available from 
which to determine values of / and f , and although conjecture 
may set limits, there is difficulty even in obtaining a plausible 
estimate. It may, however, be assumed as the result of experi- 
ence that the stresses involved in creeping are not in general 
sufficiently great to cause continuous yielding in the materials 
of the rail or wheel-rims. This limitation appears at first sight 
to reduce the possibility of creeping to a very small range, for 
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from tests made on standard test pieces of the material, a 
permanent set is usually obtained at stresses of tlio order of 
35,000 lbs. per sq. inch (2,500 kg. per sq. cm.), corresponding 
to a maximum recoverable strain of the order of 0*1 5 percent, 
for each member, or a maximum cre(q)age of 0*3 p(^r cent. As is 
well known, however, the stresses in a w^ell-iromHl surface layer 
may greatly exceed tliosc possible in a machined test piece, 
without fracture of the material ; and a st(‘(d which would 
commence to yield at 35,000 lbs.pers<|. inch in the mass, may 
be found to stand 150,000 lbs. per sq. inch without yielding if 
drawn into a wire of inch diameter, whilst the amount of 
flexure that such a wire will stand without pcu'mancnt set 
indicates an even greater limit of allowabhi stre^ss in tlie surface 
layers. It would appear accrmlingly that there is nothing in 
the nature of steel to prevent creepage, (iven up to 1 per cemt., 
when the surfaces have been well-ironed by use, and this is 
the order of most of the gliding motions iiuvidental to progress 
along curves. Whilst therefore it may bo nciccjssary, in the 
interests of dedinit (mess and in order to obtain limiting forces, 
to assum(‘ that thc^ gliding motions on curves are of the nature 
of slipping, it apix^ars not unlikely that cro(q)ing is the more 
normal condition and actual slipping somewhat excciptional. 

Motion of Locomotive on Curved Track.— When a loco- 
motive is moving steadily and smoothly in a curve it may 
bo treated as revolving about an axis at right angles to th() 
plane of the curve and passing tlirough the centre of curva- 
ture, this being the instantaneous axis of rotation for the 
locomotive. I'he rigid wIhu^I l)asewill notsetitsedf Hymmcjtric- 
ally on the curves, hut will ttirn a little^ outwards at tlic for- 
ward end, wherc^ the whc^el flange is guidtxl ()y th(^ rail (fig. 
16). A peri>endi(!ular from the contn^ of curvfitiin^ O, to th<‘. 
line of the rigid whecd-base will accordingly not. strike^ tliis 
at its centre, hut at some ])oint to the rear t}Hm(X)f ; and the 
same is true of caudi independently swivelling truck, in 
general, all whecds both roll and glide, but ilK^rc^ is a point, 
H, on the perpendicular to the wheebbascq sueli that if a wluxd 
of equal diameter to the actual wduuds were located th(m(% 
having its axis in the same direction as tlic^ otlums, it would 
simply roll at the same revolution rate as the actual wheels. 
The instantaneous centre of rotation for the locomotive being 
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at 0, the velocity of H is at right angles to OH and may be 
represented by the line OH ; to this scale the velocity of the 
wheel A is represented by the line OA, and is at right angles 
to this line. It is therefore compounded of OH at right 
angles to the direction OH, and HA at right angles to the 



( 

0 

Fig. 16. — Bigid Wheel-Base on Curve. 


direction HA. The first of these components represents the 
pure rolling, and the second, the gliding. The gliding, ex- 
pressed as a fraction of the roUing, is accordingly HA/OH or 
k X HA, where h is the curvature of the track. 

Equations fob Rigid Wheel-base. — Let the origin of 
coordinates be taken at the centre of the wheel-base and let 
axes be taken in the longitudinal and transverse directions, 
which directions are also, for practical purposes, tangential 
and normal respectively to the curve described by the centre 
of gravity of the locomotive ; let the coordinates of the wheels 
A, A', B, B', etc., be : (a 77 ), (a -rj), (/? rj), (/? -tj), etc. ; 
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let {x y) be the coordinates of the pure rolling point H, 
and {x' 2/0 those of the centre of gravity ; let P be the 
transverse force on the flange at A. Assuming, for the present, 
that the wheels creep, the longitudinal forces on the wheel 
treads at A, B, etc., all have values — y), whilst those 

on the wheel- treads at A' B', etc., have values fk{ri +y)\ 
hence if n is the number of axles, the tangential force (see 
equation 5) is approximately : 

T = 2nfhy (8) 

The transverse forces on the wheel-treads at A and A' are each 
fk{a — x), those at B and B', — x), etc. 

Hence the normal force (directed inwards), including the 
flange pressure P at A, is approximately (see equations 6 
and 7a) : 

N == 2nfkx + P (9) 

The moment of the wheel forces about the centre of gravity 
is (see equation 7) : 

+2nfhYi^ +2fk{a^ . • .)-'Pa +Tt/ +m' (10) 

Equations 8, 9 and 10, taken in connexion with equations 5, 

6 and 7, determine the three unknown quantities x, y and P. 
Four- WHEELED Bogies. — ^In the case of a four-wheeled 

bogie truck, loaded over its centre, and exerting no tractive 
effort ; if 2c is the length and 2b the width of the wheel base, 
a =z — /? = c, rj —b, x' = y' — 0 . 

Hence, taking account of the remarks that follow equation 

7 

^=0 (11) 

P = +/V-) (12) 

c 

+ P 

or = —{fb' +fc^ + fcx) . . (13) 

c 

Thus at the speed for which the track is superelevated : 

f b^ 

^ = (14) 

J c 

The rolling point H is accordingly in this case behind the 
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roar axle of the track, and reeedoH further as the spc*«M:t 
below that for which the track is Hupc^releviited. E(|uaticifi 
12 shows that, under thc^ ccmdilifain aHHUiiied, tfu* Haiigi* 
pressure varies directly as lh(i curvature* cd llic* track, hut y 
independent of speed. With variation wh(*cl-hasf% it 
passes through a minirnixiu \vh(*u ///“ fc-, K<jual ic^ii III s«^h<im> 
that the position of the rolling centre II in irulcpeiideiii 
the curvature of the track. 

Example. Eor tlie sake of {draining a t'Iciirer iuijircHHiciii, 
assume / ■ -/' ■ «K)0,00() lbs. ; tiuui on a curve rd IJKlO-feef 
radius, if 2c 6 had, 2h ■ 5 fwi, equal ionn 12 and 14 giw* : 

P -- 0,100 11)H. 

^ ^ -21/12 * fvvi I ineli. 

Ahticulatkd Locomotives. The articulated locuuuot i %’r 
having its trucks connected hy rualhd hinges, prcscuitsa sjiiudal 
problem ; for the trucks arc^ able* to influeiuT (uicfi other . 
and, when they have been fonted to set thcmHidvcH iii fill 
angle appropriate to the curves no fiange* pressure* is iH*c«*ssiiry. 
in many cases, to maintain the motion, the frictioniil for«ri‘i*» 
at the wheels being halancc.d by the renedion iit the hingi^t^. 
Tims in the case of a Io(*omotivc having t%vo sintilar art 
four-wheeled trucks (fig. 17) running sf<*iuitly at the 
for which the track is HUjKTclcvntcd, the jioint H, flic fiitil 



H* 


H 


" — i 

1 


— 



Fhj. 17.- • ■Art-ifnilatwl (»i* i'lirv#* 


of the perpendicular from tiu* centre <>{ eurvatiire to flu- 
whccl-baKe, iH ahead of tlie* c<ujtr(* of the wheel-haH* for flie 
first truck and behind it for the .siicond, the actual difluncr 
being the same in each caH<*. and ladng obtained by taking 
moments for either truck about tin* hinge. If tW in tlie 
tance between tlie truck centres, the tapiation for j- for tlie 
first truck is obtained i>y putting F 0, x' d, y il, 
in equation 10, giving ; 

f'd 


X 


, ( I f»] 
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The angle between the trucks while so running is, in circular 
measure : 

d = 2k{d -H x) 

^2^(l,.b^+c ^ .... (16) 

Equation 16 suggests a possible method of determining the 
ratio f/f under working conditions. The absolute value of / 
might be obtained as indicated above by observation of 
creepage on straight track when the wheels are exerting 
tractive effort ; this would probably be best effected by choos- 
ing a long uniform gradient and hauling a load against it, 
including in the load a similar locomotive running light, with 
which the revolutions of the wheels could be exactly com- 
pared, tests being made with the locomotives driven alternately. 



Fig. 18 , — Rigid Wheel-Base with Guiding Bogie on Curve. 


Gxjidixg Bogie. — R everting to the general case, if in fig. 
18 HCA is the longitudinal centre line of the wheel-base, 
C being the centre and H the foot of the perpendicular from 
the centre of curvature of the track, and if the curve of the 
track be drawn through A, the distance of any point Kon 
the centre line from this curve is : 

(3 = A AK{HA + HK) 

2 

or, writing CK = h, and with CA = c, CH = x, as before : — 
6 =~{h — c){h+c — 2x). . . . (17) 

If K is taken at C ; 

i5 = — -X- c{c — 2x) (17a) 

If now a locomotive is fitted with a guiding bogie having its 
centre at distance h from the centre of the main wheel-base, 
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the transverse displacement of the bogie centre when on the 
curve is : 


(5 — 6 1 = — ■ { (^ — c) {Ji c — 2ir) -j- Ci(Ci 2xi) j- . . (18) 

2 


where the suffix 1 refers to the bogie. If the centering force 
is Q{(5 — its effect on the main truck is to add components 
to W and G' (equations 6 and 7 ) of values : 

W = Q{6--d,) (19) 

a' =-^Q{d-d,){h-x'). . , . (20) 

whilst for the bogie truck the corresponding components are : 

N'x = -Q(5--(30 (21) 

G^ - 0 (22) 

Thus from linear equations of the forms of 6 and 7 the four 
quantities P, P^ x, Xi, are determined. It may be noted 
that the above calculation applies whether the bogie leads 
or trails, h being negative in the latter case. 

As an example of the use of these equations consider a 
locomotive having four main wheels in a 10 feet wheel-base 
and with a leading bogie of 6 feet wheel-base. Let the distance 
h between truck centres be 13 feet ; let Q = 18,000 lbs. per 
foot displacement ; let fc = *001 and / =/' = 300,000 lbs., 
as before, then : 

Q(^ — d^) = 1,377 — lUx — 54iri. 

At the speed for which the track is superelevated, from 
equations 7a, 9 and 19 : 

l,200x + P + 1,377 — lUx — 540^1 = 0 
from equations 7a, 9 and 21 : 

l,200xi -H Pi — 1,377 +1440? + 54a?i = 0 


from equations 7, 10 and 20: 

37,500 — 5P — 13[1,377 144o: — 54:X^] = 0 

from equations 7, 10 and 22 : 


18,300— 3Pi =0 

Whence : 

P = 2,130 lbs. Pi = 6,100 lbs. 

X = — 3-50 feet. o?i = — 3*36 feet. 

Slipping Wheels. — ^If, for the sake of obtaining limiting 
figures, it be assumed that the wheels slip on the rails, the 
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calculation becomes somewhat more complicated. If w is 
the weight on a wheel and [i the coefficient of friction the 
equation corresponding to equation 8 becomes : 


/j,w{rj—y) iiw(r] + y) 

i V[(a — *) ^ +(’? —y) a/[(« — ^) ® +iv +y) ^ ' 


(23) 


the equation corresponding to equation 9 becomes : 


N: 


lj,w{a — x) 


/LLw{a — x) ] 




+ P (24) 


whilst the equation corresponding to equation 10 becomes : 

G = r|/.M>V[(a + iv -yn + ywV[{a-x)^ + {'n+y)^]} 

_P(a_a;) +T( 2 /'-y)+N(x'-*) .... (25) 

If the wheels exert no tractive effort, 2 / = 0 as before, or H 
is on the longitudinal centre line ; in this case the above 
equations are somewhat simplified. 

Considering as an example the four-wheeled bogie, loaded 
over its centre and running without tractive effort, at 
the speed for which the track is superelevated, if, as before, 
2c is the length and 2b the width of the wheel-base : 
a = — = c, r] =b, x' =y' =0, y =0, 
whilst P and x are given by : 

_ — x) 2fj.w{c + X) , P = 0 (96^ 

V[(c _ x)2 + 62] V[(c + x )2 + 62] 

2/<m;-v/[(c— a;)2+62] + 2^wV'[(c+a:)2+62]— P(c — x)=0 . (27) 

From these equations, P is readily eliminated, yielding the 
quartic : 

^V[(c +2 c2 +2cxW[{c -xy- + b^] = 0{2S) 

Thus if 2c = 6', 2b = fx = 0-3, tc = 12,000 lbs., equations 
26 and 27 give : 

X = — 4*425 feet. P = 2*89/ttc 

= 10,400 lbs. 

Since the assumption of slipping at all wheels is not justified, 
for it is probable in any case that such slipping is confined to 
the pair of fore wheels, the use of correct dynamical reasoning 
furnishes no guarantee of results in accordance with physical 
facts. As it hardly is worth while to discuss the case of some 
wheels creeping and others slipping, it appears expedient, in 
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the interests of facility of calculation, to deduce the value of 
X on the assumption of creeping wheels and use it in the equa- 
tion of moment (equation 25) to determine a hmiting value 
for P. Thus in the case of the four-wheeled bogie considered 
above, from equations 14 and 27, assuming /==/': 

P(»+^)=2„W(iiT^{-/(l+^^j+|) . (29) 

For the numerical example discussed, this equation yields 
P = which is practically the same value as is given 

by the more complicated method. 

Natural Alignment of Locomotive. — ^An elementary 
condition necessary to secure satisfactory running of a loco- 
motive on straight track, particularly at high speed, is that 
the several groups of axles may tend to set themselves parallel 
to one another. Consider a four-wheeled vehicle such as 
represented in fig. 19, one pair of wheels having their axle 
transverse to the main frame, and the other pair being 
capable of swivelling about a point 0 on the longitudinal 
centre line, GOA. Let OB be drawn perpendicular to the 



Fig. 19. — Diagram Illustrating Tendency to Align or Deviate. 


swivelling axle, so that the angle AOB represents the angle 
between the two axles. If the vehicle be given a push and 
then allowed to run freely on a flat surface, since the main 
frame is unable to exert a torque on the swivelling truck, 
the line OB retains its initial direction. Let the broken 
lines represent a subsequent position of the vehicle, C'O^A^ 
being the new position of the longitudinal centre line. It is 
clear that the angle A'O'B is smaller than the angle AOB. 
Thus in displacement from the full-hne position to the broken- 
line position of the vehicle, the axles approach paraUehsm. 
The motion however is obviously reversible, and if the vehicle 
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is propelled in the opposite direction, the angle between the 
axles continually increases. In a locomotive, whilst the 
divergence of the axles is limited by flange clearance, the 
same tendency is operative. The locomotive carried on a 
main group of wheels and a leading bogie, runs on straight 
track without excessive guiding stresses ; but the locomotive 
fitted with a trailing bogie is apt to exhibit rearing proclivities 
and to give rise to large stresses tending to spread the rails. 
Other wheel arrangements show other tendencies, but before 
discussing these 
more particularly it 
is advisable to obtain 
certain general equa- 
tions of the forces 
which act through 
the wheel- treads. 

Free Exjnxing of 
Pair of Wheels 
A HD Axle.* — T he 
fact that the wheels 
are coned slightly, 
and the rails canted 
to correspond, 
causes a locomotive 
to progress with 
somewhat of a sinu- 
ous motion ; and 
although the ampli- 
tude of this motion 
is restricted by the 
amount of flange- 
clearance its sta- 
bility or instability has considerable influence on the per- 
formance of the locomotive, particularly with reference to 
the nosing and rearing tendencies, and the destructive track 
stresses resulting therefrom. Consider a pair of wheels and 
axle in simple rolling motion (fig. 20) : let t in 1 be the coning 
of the wheels, or the cant of the rails ; let {x, y) be the co- 
ordinates of the centre of the axle, the axis of abscissae being 
taken along the centre line of the track, so that the effective 
* See Minutes of Proo. Inst, C.E., vol. 201, p. 239. 



Fig. 20, — Diagram, Wheels and Axle. 
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radius of wheel Aib a -{■ xy and of wheel a —xy \ let y 
be the angle between the axle and the transverse direction, 
and let 26 be the gauge of the track. The coordinates of 
the wheels are : 


of A, {x —b\p, y +b} 

of B, {x +6^, y —b] 


Thus the component displacements are therefore : 

of A, {dx —bdf, dy] 

of B, {dx+bdy), dy] 

But the component displacements due to rolling are 


of A, {(a +xy)d6, ayjdd] 
of B, {{a ~xy)dd, a'lpdO] 


Hence 


or 


dx — bd'ip = (a + xy)d6 
dx + bdy) = {a — xy)d6 
dy = — ay)d6 

dx == add 
dy = axpdd 
bdyj = — xydO 

Eliminating y and 0 : 


+ ry 

dx^ ^ 


= 0 


(31) 


(32) 


(33) 


The solution of this is of the form ; 

y = A sin (^^x +a^ . . . (34) 

The motion therefore repeats in distance D given by : 

D=27t^/'!!t (35) 

^ X 


Thus if the cant of the rails is 1 in 20, the diameter (2a) of 
the wheels 4 feet, and the track of standard gauge, the dis- 
tance covered per complete oscillation is approximately 60 
feet. 

Forces at Wheel-treads.* — ^Where axles are carried in 
a locomotive frame so that they have no other horizontal 
* See Minutes of Proc. Inst, G.JE.y voL 201, p. 248, 
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motion relatively to it than their natural one of rotation, a 
simple rolling motion of the wheels is not in general possible, 
the constraint imposed by the frame causing the wheels to 
y 
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-B f , 





Fig. 21. — Truck on Rigid Wheel-Base. 


creep as well as roll (see fig. 21). The components of creepage 
displacement are (from 31 and 32 above) : 

• a'lpdd^ 


of 

A, 

\dx - 

- add — bdip — rydd, 

dy — , 

of 

B, 

[dx - 

- add + bd'ip + rydd, 

dy — ( 

the components of creepage are : 


of 

A, 

1 dx 

_ 1 -b- y. 

dy 


[add 

add or 

add 

of 

B, 

1 dx 
[add 

add a 

% 

add 


ay}d6 j 


■V 


(36) 


(37) 


The component forces at the wheels, assumed proportional to 
the component creepages, are : 


at A, 


at B, 



dx b dip 2/1 

-add ^ a dd ^ ^a^ 


Is-’f]] 


[dx , , * , /I 

Lade ^ add aJ 

-r 



( 38 ) 
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This system of forces at the wheel-treads is equivalent to 

1. A longitudinal force acting at the centre of the axle, of 

value : 

■ ■ ■ ■ 

2. A transverse force acting at the centre of the axle, of 

value : 

■ ■ ■ ■ <“> 

3. A couple, having a vertical axis, and moment of value : 



If the system of forces, instead of being referred to the 
centre of the axle, is referred to some point, 0, [coordinates 
[x 2/)], on the centre line of the locomotive and distant c 
behind the axle, it becomes : 

L A longitudinal force acting at 0, of value : 

■ ■ ■ ■ 

2. A transverse force acting at 0, of value : 

• ■ ■ <«> 


3. A couple having a vertical axis and moment of value : 


G = 


—2 ‘ 


+ f'c^ dy) , 

a do a 


•c/> +/' 


,,c^ 

adO 




(44) 


Fundamental Equations of Motion. — These may be 
taken as the fundamental equations for the force-system at 
the wheel-treads. If 0 be taken at the centre of gravity of 
the part affected by the forces, M the mass and I the moment 
of inertia about a vertical through 0 ; X',Y',G', the force- 
system, reduced to the point 0, of any other forces acting 
on the part, the equations of motion are : 

( 45 ) 


M 


d^y 

dt^ 


= Y' 


-t-XY . 


(46) 
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I ^ = G' + TG (47) 

Cut^ 

where the summation extends over the several axles. 

Equation 45 has no particular interest in the present con- 
nection, heing concerned only with the normal progression of 
the locomotive. It should be noted, however, that / is large, 
so that dx/add differs only infinitesimally from unity ; and 
accordingly in equations 43 and 44, dx may be substituted 
for add. It is not proposed here to take account of the effect 
of acceleration on the phenomena of deviation, and accordingly, 
if V is the velocity of progression, it is permissible to write : 

d'^ _^dx'\^ d^ _y2 
dt^ \dt ^ dx^ dx^ 
thus equations 46 and 47 reduce to : 

ly.g+2x[c6.+/v4^+(A^-/')c,+/e|+4] =Gi' 49 

These are the fundamental equations which determine the 
deviation of the motion from normal progression. The 
derivation from these of suitable equations to correspond with 
the circumstances of any given case usually presents no diffi- 
culty, and the recognized methods of solution for simultaneous 
linear differential equations having constant coefficients are 
applicable. The full solution of the equations is, however, 
not possible with our present knowledge as the data is lacking 
from which the constants / and f can be determined. It 
is, therefore, expedient to discuss the matter in a number of 
partial aspects, introducing separately the several causes 
which influence the motion. 


Slow Motion of Locomotive. — Consider first the case of 
a symmetrical locomotive or truck carried on two equal pairs 
of wheels in a rigid wheel-base, and moving slowly without 
train or other constraint. Equations 48 and 49 give : 


dj 

dx 


— 'ip =0 


ifb^ +f'c^)pL 

dx a 
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Accordingly : 

(/6^ +/'c^) = 0 • • • (50) 

The motion is accordingly periodic, repeating in distance : 

• ■ • <“) 

Consider next the case in which the pairs of wheels are 
unequal ; let a be the radius of the front pair, and a' that 
of the rear pair. The equations of slow motion now become : 




giving : 

+ /v,g + j/.6c(i -L)g + iM(i + - 0 


The solution of this is of the form : 


where 


xp r= sin (qx + a) 


P= io 



a 

•(— +— ) 
•\ah a'h) 

c2| 

1 

1 

, ^1 ^ 

2 

1 

1 ( 

1 , /'c^' 

) 16 

('i jf-L 
\ ^ f IV 

"2 " 
1. 


(52) 


The period is therefore approximately that of a truck having 
equal wheels of radius 2aa'{a + a'), but the amplitude of the 
motion now increases or diminishes according as p is negative 
or positive, that is, according as the front or the rear wheels 
are of greater radius. Thus the truck runs in one direction 
with less tendency to deviate than when running in the other. 

More generally, when a locomotive is carried on more than 
one truck, each truck tends to impose on the locomotive an 
oscillation of period depending on its wheel-base and on the 
radius of its wheels. The construction of the truck, the outside 
constraints or other circumstances (e.g. the inertia) may 
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diminish or increase the tendency and with it the violence of 
the oscillation, and some of these effects will now be con- 
sidered. 

Motion op Locomotive Steadied by Train-haulage. — 
The general effect of hauling a train is to impose on the loco- 
motive a counter-torque tending to diminish any deflection 
from the direction of the track and thus making for stabihty. 
The exact direction of the draw-bar pull is perhaps a httle 
indefinite, but in general the counter-torque it imposes is 
certainly not less than would be the case if the draw-bar 
remained always parallel with the track. Making this assump- 
tion accordingly, if P is the draw-bar pull and e the distance 
of its point of application from the centre of the locomotive, 
the outside force system is represented by 

Y' = 0 G' = - Pe^. 

Thus, for slow motion, equations 48 and 49 reduce to : 


ClO(^ Gf 

whence : (fb^ + J Pe^^ +f~W = 0 . 

dx^ dx a 

the solution of which is of the form : 

y) = sin {qx -f- a) 

where: jp = Pe/8(/6^ +/c^). 




(54) 


The oscillation accordingly diminishes as the locomotive pro- 
gresses, showing that haulage tends to stabilize the motion ; 
the period of the oscillation is not sensibly affected by the 
haulage. 


Conditions of Natural Alignment, — When a locomotive 
is fitted with auxiliary trucks so arranged as to be able to 
affect, and be affected by, the deviation of the main truck, the 
combination, as has already been shown in a particular case, 
may possess a certain tendency for the several groups of wheels 
to ahgn themselves or to run out of alignment as the case 
may be. This tendency has no connection with the coning 
of the wheels, although it may affect or determine the stability 
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of the oscillation resulting from the coning. The matter is 
accordingly most easily studied apart from the coning, assum- 
ing the wheels to be of uniform radius and treating the loco- 
motive as if it were running on a plane surface instead of on 
rails. If under these conditions the groups of wheels tend 
naturally to align with one another, it may reasonably be 
concluded that the combination makes for stability ; if, on 
the other hand, the natural tendency of any group is to run 
out of alignment with the others, it may be inferred that the 
combination possesses corresponding elements of instability. 

Locomotive with Pony Axle. — Consider first the case 
of a locomotive having an auxiliary axle pivotally con- 
nected with the main frame, as shown diagrammatically in 
fig. 22. Let h and in the figure be taken as positive when 



Fia. 22. — Locomotive with Pony Axle. 


the auxiliary axle leads, and in general let the suffix 1 denote 
a quantity applying to the auxiliary member. Assume an 
elastic centering force, tending to parallel the axles, to act 
between the two members at distance k from the pivot, as 
shown in the figure ; the value of this force on the main frame 
may be written Qfc {fi — ■tp), where Q is a constant. The 
pivotal relation between the members is expressed by the 
equation : 

Vx = y -{-kf 

Putting V = 0, T = 0, in equations 48 and 49, the following 
equations are deduced, the first from the transverse forces 
acting through the wheels on the two members jointly, and 
the two last by taking moments about the pivot for the two 
members separately : 




>fdyj 
dx 


-) 


Wi) =0 




t'fdy 




/ /dyi 
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Putting the solution as proportional to the equation for 
m reduces to : 

HU +fiW +/7/[(/6^ +fo^)h^^ 

+ 4/7x'[/i6% - ifb^ +7'c^)^i] + 
if' +/x')[(7 +fx)b^ +fo^} +/7i'(^ + ^ 1 )=“} = 0 (55) 

The condition of natural alignment of the truck is accordingly : 

4:fyiW^ - +//)[(/ +fi)b^+m 

+ ffi'{h + h,)^}>0. 

It is usually quite possible to satisfy this condition whether 
the auxiliary axle leads or trails, the value of Qh^ necessary 
being generally well within the range of practice. When the 
auxiliary axle trails indeed, so that h and are both negative, 
the trucks tend to align without the centering force, provided 
that : 

a condition which is usually satisfied. If the effect of coning 
the wheels be taken into account, the equation for m becomes 
a cubic and the above condition, with a modification of small 
importance, is among those of stable running. Detailed 
discussion of the cubic is hardly justified, inasmuch as inertia, 
represented by the terms involving the velocity in equations 
48 and 49, modifies the conditions of stabihty. It may be 
inferred, however, that a locomotive of the kind under dis- 
cussion has but one period of kinematical oscillation, the 
pivotal connection compelling a synchronous movement of the 
two members, although their individual periods may be very 
different. This can hardly fail to be severe on both track and 
locomotive, and to militate against smooth running. 
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Fig. 23. — ^Locomotive with Auxiliary Bogie. 


Locomotive with Auxiliary Bogie. — Consider next the 
case of a locomotive having an elastically centered guiding 
bogie (fig. 23), the distance between the centres of the two 
groups of wheels being h. Adopting suffix 1 to distinguish 



66 RAILWAY ELECTRIC TRACTION 

quantities applying to the auxiliary truck, the outside forces 
acting are : 

Y' = — Q(2/ — 2/i + hip), Yi' = Q(i/ — yi + hip) 

G = — —yi+ hip), Gi = 0 
Putting T = 0 and V = 0 in equations 44 and 45, there results : 

4/'(^ —'¥’)+ Q(2/ — 2/i + M =0 

■¥>!) — Q(2/ — 2/i + %) = 0 
4(/6^ + - 2/x + M = 0 

^ =0 
dx 

Thus is constant and putting y) — as proportional to 
the equation for m is : 

4/'/x'(/6^ +/'c^)m2 +Q[(/' +A')(/6^ +/'c^) +/'A'A^]m 

+ /'/xQ^=0 .... (56) 
The trucks therefore tend to align when h is positive, that is, 
when the bogie leads, and to diverge when the bogie trails — a 
conclusion already reached for the simpler case in which the 
elastic centering feature is absent (Q = oc ). The locomotive 
accordingly runs smoothly with the bogie leading but tends to 
rear when the bogie trails. If the coning of the wheels be taken 
into account, the resulting oscillation has two components, 
the periods of which are sensibly those of the individual trucks. 
The oscillation tends to increase when the bogie trails and to 
decrease when it leads. 

Elastically Aligned Bogie. — C onsider now the case in 
which the bogie is in the rear, and is not only elastically 
centered but also subject to an elastic aligning couple. Let 
the aligning couple have the moment G times the angular 
deviation from alignment. Adopting the same notation as in 
last paragraph, equations 48 and 49 give, putting r = 0 and 
V = 0 as before : 

— v) + Q(2/ —yi+hip)=0 
4/V(^^ — Vi) — Q(2/ —yx+hip) =0 
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—yi+ hip) + G(v —ipi) =0 
+h'^i^)%" - G(V - Wi) = 0- 

Writing /'e^ =fb^ +f<^^ iov brevity, with, a similar expression 
for if the solution varies as m is given by : 

4:fm + Q — Q — — Q^) 0 

— Q ^fi 

Qh -Qh 4:fe^m+G+Qh^ -G “ 

0 0 — G 4//ei2m+G 


This determinant can be reduced to the simpler form : 


4/'m 

f +f1 

-4f 

-fh 

-Q 

7/ 

-(^h 

0 

0 

f\'h 

4f'e^m 

fe^ +7i'ei^ 

0 

0 

-G 

/'xe^ 


This yields : 

16/'y/^e%i*m^+4/7/{ (/'c2+/x'ei‘^)G4-[(/'+//)e*ei2+/x'A^c2]Q }m 
+ { [(/' +/x')(A" +/i'e i^) +/7i'A^]G +4/7x'%e xn Q =0 . (57) 

Hence when h is positive the trucks tend to run in alignment 
for all positive values of G, but when h is negative the trucks 
tend to align only if : 

r^— 4/7x'^ex^(-/.) 

^ (/' +fi)ife^ +7i'«i^) +77A^ 

Thus a rear bogie should for smooth running be acted on by 
an aligning couple whose moment per unit angular deflection 
exceeds the amount given in the above ineq[uality ; but a front 
bogie requires no such alignment. 

As an example (fig. 23), let / == fi =/' =fi = 300,000 lbs. 
e=5ft. ei==4:ft. fe = 12 ft. 

n \ ^ X 300,000 X 12 14,400,000 

> 10 « 

If the couple is produced by springs at each end of the bogie 
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at a distance of 6 feet from its centre, the stiffness of the springs 
per iach displacement is given by ; 

12P = 1 G 
72 

?>—> 1,200 lbs. 

864 -^ 


Influence of Inertia. — The effect of the inertia terms is 
readily seen in the case of a locomotive on rigid wheel-base. 
Where no train is hauled, equations 48 and 49 reduce to : 


MV^ 


& 

dx^ 




0 


and the equation for m becomes : 

+4[/T +M(/62 +fc^)]V^m^ + 1 6f(fb ^ +fc^)m^ + 

16//' -^-=0 .... (58) 

a 


The absence of a first power of m in equation 58 indicates that 
a pure motion of progression is unstable. In order to obtain 
an approximate solution of the equation, put w. = | + irj, 
where : 

(fb^ +fc^)r,^ =/ — 
a 

f is then given by : 

32/(/62 +/c2)| =4[jT +M(/62 +rc^)Wr}^ 
or 




.(59) 


Since | is positive, the oscillation tends continually to increase 
in amplitude, and, if appropriate values are given to the 
quantities involved, it will be found that the increment factor 
becomes significant, and in fact, important at speeds well 
within the range of ordinary operation of railway trains. The 
mference that a locomotive carried on a rigid wheel-base is 
unsuited for high-speed service is of course in accordance with 
experience. When the locomotive is hauling a train, the 
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increment factor of the oscillation may be deduced approxi- 
mately from eq[uations 54 and 59, viz. : 

/'I+M(/6^+/V) Pe 

8/'(/6^ Hr/'c^)^ a 8(/62 +fc^) ' 

This, although negative at low speed, becomes positive as the 
speed rises, the region of instability being generally reached 
within hmits of speed of railway trains. 


Bogie and Articulated Truck Locomotives. — Conclusions 
similar to the above hold in regard to locomotives carried on 
independently swivelling trucks, incapable of influencing one 
another in the matter of deflection, and also in regard to 
articulated truck locomotives. Such locomotives stress the 
track and their own parts if run at high speed, although the 
smaller masses involved in the kinematical oscillation reduce 
the destructiveness of the stresses, as compared with those 
due to locomotives carried on a single rigid wheel-base. 
Coaches also oscillate on straight track as far as the wheel 
flanges will permit, and the violent swaying that freq[uently 
accompanies running at certain speeds is doubtless to be 
attributed to resonance between the forced oscillation arising 
from the coning of the wheels and the natural rolling oscillation 
under the control of the suspension springs. 

The friction of bearing plates, although reducing to some 
extent the influence making for instability, can hardly be said 
to exert a true dampening influence on the oscillation. Such 
friction has the effect of introducing in G in equation 49 a 


term which may be taken as proportional to — 


dy; 

dx 


and this 


merely increases the term of Like denomination, so diminishing 
the increment factor of equation 59, without tending to change 
its sign. It in fact diminishes the rate of increment of the 
oscillation, but has no tendency to convert it into a decrement. 
An active stabilizing influence is provided by a restoring force 
or couple proportional to the displacement from true align- 
ment, such as results in a measure from the draw-bar puU, or 
from the centering action of a guiding truck. In this important 
respect, as well as in the fact that it is not isochronous, the 
kinematical oscillation arising from the coning of the wheels 
differs from natural oscillations, which are actively promoted 
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by restoring forces proportional to the displacement and 
invariably dampened by frictional forces. 

The actual motion of a locomotive is of course less simple 
than the above discussion would indicate. The clearances 
between journals and bearing brasses, for instance, and be- 
tween axle-boxes and horn-blocks, allow the axles to have a 
certain amount of individual freedom, an effect of which is 
probably to render the period of oscillation somewhat indefinite. 
If the oscillation is sufficient to cause the wheel-flanges to 
strike the rails, the constraint thereby imposed undoubtedly 
deflects the locomotive more quickly than is natural to its 
proper motion on coned wheels ; an effect of such impact is 
therefore to reduce the distance in which the motion repeats 
and to render it dependent on the degree of instability of the 
oscillatory motion. It is in fact the use of the wheel-flanges 
for limiting the divergence resulting from instability that gives 
rise to the principal rough riding phenomena, and the pernicious 
track-spreading effects which often accompany high-speed 
operation is evidence of the magnitude of the flange forces 
required to deflect the locomotive with the necessary vigour. 

Symmetrical Locomotives.— -The facility with which an 
electric locomotive can be controlled from any desired point 
has led to the extended use of mechanically symmetrical 
machines, devised for hauling trains irrespective of the end by 
which they are attached. Most electric locomotives have, in 
fact, symmetrical wheel-bases, although some are made up of 
two unsymmetrical units. The advantages of a symmetrical 
locomotive, from the point of view of train operation, are 
doubtless great, particularly when used in terminal service ; 
but such a locomotive has the incidental disadvantage of 
restricting the leading and trailing wheel-groups to similar 
arrangements, and since their functions are different, of making 
an aggregate which is not usually the most desirable from the 
point of view of smoothness of running. The matter is generally 
of little consequence in the case of goods locomotives, but 
many of the high-speed passenger locomotives that have been 
built reveal a tendency to instability to which the symmetrical 
wheel arrangement is doubtless a contributory cause. From 
the above discussion, it appears that elastic alignment of 
certain of the wheel-groups gives promise of a solution which 
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increased by the pivotal connection of the truck, which brings 
the mass of the main frame to oppose the deflection. The 
auxiliary truck so arranged is therefore quite satisfactory when 
used trailing, but cannot be recommended as a leading truck 
for a high-speed locomotive. 

Leabestg and TEAiLEsra Bogies. — ^Fig. 26 shows the wheel 
arrangement of a locomotive having a main wheel base with 
leading and trailing bogies centred in the usual manner. In 
this case it has been shown that the main wheels tend naturally 
to follow the leading bogie ; and the combination, as far as con- 
cerns these two elements, is a satisfactory one, which makes for 
smooth running. Any force tending to deflect the bogie from 
its path is resisted only by the inertia of the bogie itself, which 
is accordingly able to ride over the irregularities of the track 
without stressing it unduly. The main wheels follow, and, on 
straight track, without appreciable guidance by their flanges. 
The rear bogie, however, does not behave so satisfactorily, 
tending continually to run across the track, and so causing the 
locomotive to rear. 

Author’s Reversible Locomotive. — The conclusion to be 
drawn from the foregoing discussion is that for high-speed 
locomotives the wheel-arrangement preferably comprises a 
leading bogie, of no greater mass than need be, and swivelling 
freely about its centre, with the remainder of the locomotive in 
trail. The locomotive is therefore not directly reversible end 
for end. It is, however, not difficult to devise a locomotive in 
which the character of the auxiliary trucks is determined by 
the position of the reverse-handle, in such manner that suitable 
conditions for high-speed running are fulfilled for either direc- 
tion of motion. Eigs. 27 and 28 show in diagrammatic form 
the principle of a possible arrangement.* Here the direction 
of motion is as shown by the arrow. The leading truck is able 
to swivel freely about its centre (A), which is constrained 
towards the centre plane of the locomotive by suitable devices 
not represented in the diagrams. The rear truck is pivotally 
connected to a block held at a point (B) approximately midway 
between the centre of the truck and the centre of the main 
wheel-base, so that it can deflect freely in passing about a 
curve, but is nevertheless always subject to an aligning torque. 
By the motion of the rod carrying the jaws, which may be 
* See British Patent 163185. 
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regarded as possibly representative of a more complicated 
mechanism, either truck may be left free, as befits a leading 
truck, and the other then has the characteristics of a trailing 
truck. The rod is shown as passing through an air-cylinder, 
pressure being applied to one side or the other of the piston, 
according to the position of the reversing handle, but this 
feature also is intended to be regarded as representative rather 
than necessarily actual. 

General Conclusions as to Riding Qualities. — The above 
discussion shows, or at least suggests, that bad riding qualities 
result from one or both of two general causes, the constraint of 
the wheels to follow other courses than those towards which 
they naturally tend, and the setting up of resonant oscillations 
under the control of the springs, and usually as a consequence 
of the coning of the wheels. The former cause may be opera- 
tive at all speeds, as when the wheel-base is so composed that 
its units tend naturally to diverge, or may increase in effect as 
the speed rises, as is the result of inertia of the parts carried by 
each rigid wheel-base, but in either case the manifestations 
become more violent the higher the speed. The latter pro- 
duces effects which become noticeable on approaching certain 
speeds and pass away as these speeds are surpassed. The 
phenomena of nosing ’’ and ‘‘ rearing may be ascribed 
generally to the former cause and those of '' rolling ” and 

pitching to the latter. 

Nosing. — A certain measure of nosing is a natural tendency 
of a locomotive running on coned wheels, although certain 
guiding- wheel arrangements tend to suppress the oscillation, 
which accordingly never becomes noticeable within the range 
of the working speed. Conditions favourable to nosing are 
short rigid main wheel-base, large flange clearance, large 
moment of inertia about a vertical axis and high speed. 
Excessive overhang of the locomotive body may also be 
mentioned, but this, apart from the greater moment of inertia 
involved, is a condition which shows off the nosing rather than 
causes it. It is probable that in some instances nosing is a 
phenomenon of resonant oscillation, the sinusoidal motion of 
the wheels synchronizing with the natural period of oscillation 
of the locomotive under the action of the centering springs of 
the guiding truck ; and this form of nosing may be recognized 
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by its occurrence at about a definite speed. It is minimized by 
making the centering devices lock somewhat at the centre 
position, so that small motions are taken by deflecting the 
riding springs. This destroys the isochronous character of the 
centering devices. It is possible also that eq[uality between 
periods of oscillation of the main and auxiliary trucks results 
in an enhancement of the nosing amplitude, and arrangements 
which lead to this condition are perhaps best avoided. It is 
for constructional reasons that steam locomotive bogies are 
furnished with wheels of much smaller diameter than the 
driving wheels, but the practice nevertheless probably makes 
for smooth running. 

Rearing. — Rearing is indicated above as resulting from 
the use of a trailing bogie, capable of turning the main frame, 
but incapable of being itself turned by the reaction of this 
member. The arrangement and the fault are fairly common 
in locomotives designed for running equally in either direction. 
Thus the Pennsylvania Railroad locomotive of fig. 204 consists 
of two units connected by a draw-bar and having wheel arrange- 
ment 4-4-4-4 ; of these it has been written : * '' The rear half 
of the locomotive does not seem to articulate well with the 
front half. Some action tends to lift the rear half from the 
tracks.” The New York Central 4-4-4-4 locomotive of fig. 201, 
which consists of two units connected by a hinge joint, also 
gave trouble of similar nature, necessitating the introduction of 
a friction device to restrict the relative movement of the trucks, 
and thus give each unit the api)roximate characteristics of a 
rigid wheel-base ; the arm shown joining the trucks in fig. 201 
is part of the friction device in question. 

Rolling. — Rolling has been mentioned above in connection 
with coaches and explained as due to synchronism between the 
periodic sideway motion of the wheels and the natural rolling 
oscillation on the riding springs. Violent rolling is apt to take 
place at the appropriate speed with an unstably running 
locomotive, and is more likely to occur within the range of 
working speeds when the axle journals are between the wheels 
and the centre of gravity is carried high, than when opposite 
conditions hold. The employment of laminated riding springs, 
in which the friction between the plates absorbs energy and 
* Electric Traction for Railway Trams, by E. R. Burch, p. 328. 
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thus dampens the oscillation, mitigates rolUng, as well as the 
other modes of oscillation involving these springs. 

Pitching. — Pitching, being a motion in a longitudinal 
direction, might at first sight appear to be unaffected by side- 
way oscillations produced by the coning of the wheels ; in a 
properly balanced locomotive this conclusion is justified, but 
where the masses are so distributed that the longitudinal axis 
of the locomotive is not in the direction of a principal axis of 
inertia it is possible for a periodic sideway motion to set up a 
pitching oscillation, and since the period of pitching is com- 
paratively large, the oscillation is likely to occur within the 
working range of speed. The records of the Berlin-Zossen 
high-speed tests furnish an example of oscillation which, as 
far as can be judged from the imperfect information given, 
was of the nature in question. Of the two locomotive coaches 
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Pig. 29. — ^Loading of Berlin-Zossen Coach. 


employed, one was symmetrically loaded, and this ran to the 
highest speeds obtainable without oscillation. The other, 
whilst substantially balanced about the longitudinal and trans- 
verse axes, had the transformers set somewhat off the centre 
line of the coach, as shown in fig. 29, and this coach commenced 
to oscillate violently at about 90 m.p.h. so that higher speeds 
could not be reached with safety. The pressure on the wheels 
on each side of each bogie was measured, and found to be 
52,700 and 49,400 lbs. respectively for one truck, and 50,200 
and 53,700 lbs. respectively for the other, the greater reading 
corresponding to the transformer side of the bogie. Weights 
of 1,960 and 2,120 lbs. respectively were put at the positions 
shown in fig. 29 at a distance of 53 inches from the centre line, 
and on the lighter side, these weights having approximately the 
same moment about the centre line as the excess of pressure 
on the wheels, thus equalizing the pressures in pairs. When 
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this had been done, the coach was able to run to the highest 
speeds (125 m.p.h.) without oscillation. The addition of the 
compensating masses, besides equalizing the pressures on 
the wheels, has the effect of bringing the axis of inertia into 
parallelism with the longitudinal axis of the locomotive. 

CoNCLTJSioisr. — The foregoing discussion of the performance 
of locomotives as affected by the interaction between wheel 
and rail, shows it to be a complex phenomenon, depending in 
no simple manner on a number of factors, possessing also 
secondary features of consequence, and altogether involving 
much complication in its correct mathematical treatment. It 
is, moreover, a subject of great importance fully repaying the 
labour of any investigation that may be needed to secure stable 
operation at aU working speeds. The conclusions drawn from 
the discussion appear in general accord with experience, 
testifying to the soundness of the theory advanced and justi- 
fying the discussion itself. It will readily be appreciated, 
however, that a particular locomotive presents less of difficulty 
than a more general case, and if reliable values were obtainable 
for certain constants it would not be difficult to detect radical 
defects in design likely to result in trouble from unstable 
running, and to indicate suitable means of amelioration. 

Blows on Rail. — The blow which a wheel receives in passing 
over a high rail joint or other irregularity in the track depends 



on the uncushioned mass (m) carried by the wheel, on the 
speed (v) of the train, on the diameter (d) of the wheel and on 
the height (k) of the obstruction above normal track level. In 
fig. 30, if BC represent the obstacle to be surmounted, the 
motion, originally at right angles to AO, is changed by the 
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blow to one at right angles to BO ; the impressed component 
is directed along BO and is represented in magnitude by the 
length CA, as compared with the original motion, represented 
by AO. Thus if is the impressed velocity : 


, CA 

V = -~v 

AO 

^VBC.2.A0 

= 2 V 

2AO 


==2^/]Lv . . . . (61) 

The impulse of the blow is : 

P = 2mv^ ^ . (62) 

d 

It therefore varies as the uncushioned mass and inversely as 
the square root of the wheel diameter. The permissible value 
of m/^/d depends on the speed of operation (v), as well as on 
the quality of the track, as represented by h. In the original 
Central London Railway locomotives the total uncushioned 
mass amounted to about 8 tons per axle, the wheels being 
42 inches in diameter ; but although the speed was compara- 
tively low, rarely exceeding 30 miles per hour, the results were 
unsatisfactory and the type was shortly superseded. In the 
bipolar gearless drive used on the locomotives of the New York 
Central and Hudson River Railroad, the whole armature is 
carried inelastically on the axle. In the case of the first types 
of these locomotives the total uncushioned mass amounted to 
about 5'| tons per axle, the wheels being 44 inches in diameter. 
Later types have been lighter in this respect, one of the latest 
having an uncushioned mass of less than 3 tons per axle, 
carried on 36-inch wheels. These locomotives were designed 
for high speed, the latter type sometimes attaining to 70 miles 
per hour in service. 

Uncushioned Masses.* — The approximate determination 
of the uncushioned masses presents no difficulty in so far as 
they consist of wheels and axles and parts carried entirely by 
these members without the intervention of springs, e.g. axle- 
boxes, shoe beams, coupling rods and counterweights. Where, 
however, a motor is supported partly by means of axle bearings 


* See MimUes of Proc. Inst. G.E., vol. 201, p. 228. 
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and pa^rtly from the transom of a truck, as in fig. 31, the 
equivalent uncushioned mass is less obvious. A blow given to 
the wheel is transmitted to the motor partly through the axle 
bearings, and, unless flexible gears are used, partly through the 
gear teeth ; whilst if the nose of the motor is attached rigidly 
to the transom, a further portion is passed on to the truck 
frame through this. The last of the three portions enumerated, 
when it exists, is usually inconsiderable, but since it depends 
on the mass and arrangement of the truck frame, adds con- 
siderably to the complication of the problem. A superior 
limit can, however, be set to its value by assuming the mass 



of the truck to be infinite compared with that of the motor, so 
that the nose acts as the pivot about which the motor turns, 
and in this case the several impulses are readily determined. 
However, it is more in accordance with reality to assume the 
nose of the motor free, particularly since it is now common 
practice with powerful motors to support the nose between 
elastic buffers, as represented diagrammatically in fig. 31, an 
arrangement which leaves it free as regards the impulses. 

Let M be the mass of the complete motor and m the equiva- 
lent uncushioned mass, I the moment of inertia of the motor- 
frame and field-structure about the centre line of the shaft, 
assumed to pass through the centre of gravity of the motor, 
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and I' the moment of inertia of the armature and pinion about 
the same line ; a the distance between axle and armature 
shaft ; y the ratio of gear reduction, so that the pitch radius 
of the pinion is a/(y + !)• Let P be the impulse transmitted 
through the axle bearings and P' that transmitted through the 
gear teeth ; the velocity impressed on the centre of gravity is 
then (P + P')/M[ ; "tlie angular velocity of the frame is Pa/I ; 
the angular velocity of the armature is P'a/I'(y +1). The 
additional velocity of the axle, or of the gear tooth, caused by 
the blow, is accordingly : 

^,_ P+F _P+F Pa^_ P+F 

m M I M I'iy + 1)^ 

hence : 


and 


P _ P' _ P + P' 

I I'(y + 1Y~1+ l'{y + 1)2 


m = M 


+ I 4- l'{y + 1)2 


(63) 


This is the equivalent uncushioned mass of the motor. 

A point at horizontal distance x from the armature shaft 
commences to move with upward velocity : 

P “}- P , Pair pi dx 

-IT- Lm + i + i'(y + 1)2 


hence the centre of rotation for the imposed motion is given 

by: 


X = 


I + r(y + 1)2 
Ma 


(64) 


The centre of rotation is therefore on the side of the shaft 
remote from the axle, and is in fact frequently outside the 
motor altogether. In the latter event the whole motor starts 
with an upward velocity, so that the provision of an elastic 
buffer below the nose, with a rigid strap above it, is ineffective 
to reduce the shocks to the minimum possible. 

The above calculation assumes that the action takes place 
in a plane, or that both wheels on an axle are raised simul- 
taneously and equally by irregularity in the track, whereas in 
general one wheel only would be lifted at a time. The appro- 
priate three-dimensional calculation is not difficult to perform, 
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but it -win suffice here to state the result. 11 v-^v.^ are upward 
velocities simultaneously impressed on the two wheels, Ci 
the transverse distances of the centre of gravity of the motor 
from the corresponding track rails, the sum of the blows on the 
two rails due to the presence of the motor is given by : 


Q =M. 


I + r(y + 1)2 
+ I + I'(y + IP 


C il? 2 H~ ^ 2^ 1 

Cl -j- C2 


. (65) 


Thus equation 63 stiR gives the uncushioned mass correctly 
provided that it is associated with velocity (Cit; 2 + 
which is that of the point of the axle opposite the centre of 
gravity of the motor. In most cases Ci and Cg are not very 
different, and if one wheel only is raised, with velocity v' , the 
sum of the blows on the two rails is approximately the same 
as if both wheels were raised with equal velocity v' /2. The 
same is true, however, of the wheels themselves, the axle boxes 
and other elements of uncushioned mass, and accordingly the 
mass determined by equation 63 can appropriately be regarded 
as the uncushioned mass of the motor. The blow is not 
equally divided between the two rails, but is for the most part 
taken by that on which the obstacle occurs. Thus for practical 
purposes, if Ti. is the height of the representative obstacle, the 
actual blow on the rail on which it occurs may be taken as a 
half that given by equation 55, or 



It should be noted that there is no distinction between the 
pinion and commutator ends of the motor as regards the effect 
of an obstacle on the rail, except in so far as Ci and Co may 
differ ; this difference usually makes the blow a little heavier 
when the obstacle on the rail is at the commutator end of the 
motor, since the centre of gravity is generally somewhat nearer 
to this rail (see equation 65). 


Flexible Gearing. — When a motor is driven through 
flexible gearing, impulsive shocks are not transmitted through 
the gear-teeth ; it is readily seen that this is equivalent to 
putting I' == 0 in equation 63, making the effective un- 
cushioned mass of the motor : 


m 


Ml- 


^ I 


(67) 


G 
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The xincushioned mass is of course much smaller in this case 
than when rigid gearing is employed, and the use of flexible 
gearing is C[uite justified from the present point of view where 
heavy motors are used for high-speed work. 


Blows on Gear-teeth. — When the gears are rigid the 
impulse transmitted through the teeth assumes importance 
from its possibly destructive effects. Using the same notation 
as above the amount of this impulse is given by the equation : 

P' = M 

+ I + I'(y + 1)2 ■ Cl + Cj 

If, as is usual, approximately, and one of the wheels 

encounters an obstacle of height A, the corresponding impulsive 
shock on the gear- tooth is (see equation 61) : 


F ==M 




Ma2 +1 + l'{y + 1)2 



(69) 


If N is the maximum allowable speed of revolution of the 
armature, the corresponding train speed, v, is ndN/y. The 
blow on the gear-tooth may therefore be written : 


P' 


M - 

-1- I -1- l'(y H- 1)2 


— • ^Vdh 

y 


(70) 


Thus as far as the motor is concerned, the quantity, 

Mr(7 + l)mVd/y[Ma^ + I + I'(y + 1)^] 

may be taken as representing the intensity of the blow inflicted 
on the gear-tooth. 

Stress Imposed on Gear-teeth. — It is, however, of greater 
value to the engineer to discover the stress imposed on the 
teeth by the impulses. This can hardly be computed abso- 
lutely ; but in so far as it depends on the motor an expression 
is readily obtained for it, whilst the appropriate constant of 
proportionality corresponding to any particular design of tooth 
is to be determined from experience in normal service. The 
energy transmitted by the elastic forces is proportional jointly 
to the impulse P' and the imposed velocity v' ; it is, however, 
also proportional to the square of the maximum stress F ; 
hence : 


E2 oc PV 
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or from equations 61 and 70 : 


Fee 

y 


MI'd ) 

Ma2 + I + T{y + 1)2| 


(71) 


The quantity on the right-hand side of this proportionality is 
accordingly a figure of merit, subject to a superior limit for 
a particular design of gear-tooth. With twin gears of the 
rigid type the tooth stresses are indeterminate, but prudence 
dictates that either gear should be capable of standing the 
whole shock, due allowance being made for the better align- 
ment of the teeth of gear and pinion as compared with the 
more usual form. 

In computing the uncushioned mass of a motor, the assump- 
tion was made that the centre of gravity of the frame struc- 
ture was somewhere on the armature shaft, whereas it is usually 
somewhat nearer to the axle. In order to take some account 
of this it is advisable to consider the axle bearing caps and 
brasses as being entirely uncushioned, which approximately 
adjusts the balance. The gear wheel is of course also un- 
cushioned. 

Example. — ^As an example of the use of the foregoing 
formulae, the Central Argentine Railway Motor (GE. 235), 
which was designed for suburban service, may be considered. 
Its weight complete is 8,650 lbs., of which 400 lbs. is in axle- 
bearing caps with brasses and 690 lbs. in the gear, leaving 
M = 7,560 lbs. ; the weight of the armature is 2,430 lbs., or 
32 per cent, of M, the frame being therefore 68 per cent, of M ; 
the radius of gyration of the armature is estimated at 7 inches 
and of the frame at 16 inches ; the gear reduction y is 70/22 
or 3T8, and, the pitch being 2|- teeth per inch diameter, a = 
I X 92/2|-==20'4 inches. From equation 63 : 

X + -32 X 72 X 4-182 

m — 7,560 

20-42 + -68 X 162 _|. .32 X 72 X 4-182 
= 3,920 lbs. 


To this figure should be added 1,090 lbs. for the gear, axle- 
bearing caps and brasses, making the total uncushioned mass 
for the motor, 5,010 lbs. ; the wheels, axle, axle-boxes, etc., 
add approximately 4,500 lbs. to this figure, making a total of 
about 9,500 lbs. for each axle, the wheels being 42 inches in 
diameter. The distance of the centre of rotation of the 
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motor from the armature shaft as given by equation 57 is : 


•68 X 162 4- -32 X 72 X 4-182 

X — 

20-4 

= — 21-9 inches. 


The centre is therefore outside the motor. With masses 
expressed in pounds and lengths in inches, the figure given 
by the proportionality (71) as representing the stress in the 
gear-tooth, is 100 N, and the maximum working value of N is 
about 1,650 r.p.m., making a figure of merit of 165,000. 

Effect of Size of Wheel. — If the wheel diameter and the 
ratio of gear reduction be varied in the same proportion the 
speed and power characteristics of the locomotive are unaf- 
fected. With the increase of wheel diameter, however, both 
the mass of the wheel and the equivalent uncushioned mass of 
the motor are increased, whilst the blow on the rail per unit 
mass is diminished. The total effect of the change is in this 
respect usually in favour of the smaller wheel. With regard 
to the gears, whilst increase in wheel diameter generally 
increases the blow on the teeth, the stresses set up in them 
are usually but little affected by the change. 


Blows on Armature- Shaft Journals. — The impulses 
transmitted through the armature-shaft journals are of interest 
in connection with the design of the bearings. If M' is the 
mass of the armature, the impulse in question is : 

P + P' M' 

= — mv' 

M 

I +r(y +1)2 


M' 


M 




(72) 


Ma2 +I +r(y + 1)2 

it is accordingly the same as that of a mass, carried directly by 
the axle, of amount : 

m' = M' I 4^'^^ 4 - . . (73) 

Ma2 + I + 1 (y + 1)2 

and this mass may be compared with that of the axle-boxes, 
and their rigid appurtenances. In the case of the Central 
Argentine motors, for instance : 

2,430 


m 


7,560 
= 1,260 lbs. 


X 3,920 



THE LOCOMOTIVE 


85 


This is some five times the -uncushioned mass carried by the 
axle journals. Thus although the total weight of parts sup- 
ported on the latter j ournals is many times greater than that 
of the armature, the blows to which the uncushioned masses 
subject them have only about one-fifth of the intensity of 
those borne by the armature-shaft journals. To such con- 
siderations must be attributed the general failure of hall and 
roller bearings for the armature-shaft journals of heavy railway 
motors, although experience has approved such bearings for 
axle journals. The shocks of service are reduced by the use 
of flexible gearing and practically annulled if the axle be driven 
through a flexibly supported quill ; the engineer employing 
these devices may accordingly consider the use of hall or roller 
bearings for the armature-shaft journals. 

VIBKATIOI^S m SIDE-ROD LOCOMOTIVES 
The motors usually employed in the continuous current 
system of electric traction are capable of developing large power 
in a confined space, whilst the relation between economical 
motor speed and axle speed lies within the hmits imposed by 
considerations of satisfactory design. There is, moreover, no 
sacrifice of efificiency or other desirable features involved in 
usiag motors of comparatively small size, whilst extended 
experience has developed a motor which it is quite unnecessary 
to keep under constant surveillance. With such machines 
available it is practicable to drive the several axles by inde- 
pendent motors, and the excellent mechanical features of the 
transmission system involved in the drive appeal to the 
engineer as giving promise of successful operation and low 
maintenance cost, a promise which experience constantly 
supports. The alternating-current motor, on the other hand, 
and particularly the single-phase commutator motor, is in 
many respects closer to the limits of satisfactory design, and 
the imposition of space restrictions is accordingly felt as much 
more onerous. The single-phase commutator motor, more- 
over, with its large number of brushes and generally indifferent 
commutation, is the better for being readily accessible for the 
purposes of inspection and adjustment, whilst the larger the 
unit the higher is the practicable efficiency, and the more 
satisfactory the operation. It is principally for the reasons 
that such assiduous eSorts have been made to develop a satis- 
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factory side-rod locomotive, in spite of certain grave mechanical 
demerits of the transmission system, in which circular motion 
has to be converted into reciprocating motion, only to be 
reconverted into circular motion at the axles. It is true that 
the t3^e has certain advantages, but these are incidental and 
of a minor nature when weighed against its inherent defects. 
It is easily practicable, for instance, to arrange that the loco- 
motive has a high centre of gravity ; whilst, the motors being 
entirely spring-borne, the uncusMoned mass carried by the 
axle is generally smaller than where the axles are driven by 
independent motors. 

Mechanical Defects attending Collective Driving. — 

Collective driving of locomotive axles through the medium of 
side-rods appears to appeal to certain steam-locomotive 
engineers, doubtless as possessing familiar features and as 
promising security on account of the ready accessibility of the 
motors. Steam and electrical locomotives are, however, by no 
means similar in mechanical arrangement, and side-rod driving 
presents a much more difficult mechanical problem in the 
electrical locomotive than in the steam locomotive. In the 
latter the primary forces are reciprocating and parallel to 
longitudinal members of the locomotive. The requirements 
of driving being of a similar character and in the same direc- 
tion, the stresses imposed on the frame are for the most part 
local in their incidence and unable to produce much distortion. 
Moreover, the pistons form cushioned ends to the driving 
system, so that any distortion of the parts and any inaccuracy 
in fitting is taken up in the clearance thus provided. In the 
electric side-rod locomotive, on the other hand, the original 
drive is in the form of a uniform torque, and this cannot be 
converted to reciprocating drive without the introduction of 
large couples having transverse arms. The forces tending to 
produce distortion in the structure are considerable, but the 
permissible distortion, together with any inaccuracy of fitting, 
must nevertheless be no more than can be provided in the 
clearances between running surfaces ; and these must be kept 
within fine limits if knocking is to be avoided. The fitting and 
adjustment required is, therefore, much closer than is usual in 
locomotive work, whilst constant skilled attention is necessary 
to keep the machine in satisfactory running order. 
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Calculation of Forces on Locomotive Frame.* — If T is 
the torque of a shaft transmitting its power through quartered 
connecting rods and a the radius of the crank circles, then, 
neglecting for a moment the indeterminateness of their inci- 



Fig. 32 . — Diagram. 



Crank Action. 


dence, the forces in the two connecting rods may be written 
(see fig. 32) : 

— sin Inni = | sin [innt + ^ ^ + sin — ~ ^| . (74) 

? cos 2nnt =-?— j sin (^Ttnt + — ^ — sin (27tnt — - . (75) 

a aV2 1 ^ 4 / V 4 / j ^ ^ 

where n is the speed in revolutions per second and 27tnt is 
measured from the line of centres of driving and driven shafts. 
These forces act on each shaft at its crank-pins, and if 6 is the 
transverse distance between them, equations (74) and (75) 
show that besides balancing the torque of the shaft, the 
connecting-rods impose on the locomotive structure, through 
the shaft-bearings, forces resolvable into (1) a central alter- 
nating force, in the direction of the connecting rods and of 
maximum amount TV^/a ; (2) an alternating couple in the 
plane of the two shafts, and of maximum moment Tb/aV 2. 
The torque transmitted by a side-rod at any instant is : 

T' = T sin^ 27tnt ~ ^ T(1 — cos 4:7tnt) . • (76) 

Forces Due to Jack Shaft. — jack shaft is subject to a 
double set of such forces, one set delivering power and the 
other receiving it. In fig. 32, if a is the angle between con- 
necting and wheel-coupling rods, the forces acting on the 
locomotive frame may be resolved into (1) a force 

TV 2 sin (^27tnt + ^ 

* See Minuses of Free. Inst, C.F,, vol. 201, p. 231, 
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acting at tLe centre of the shaft, in the direction of the 
coupling rods ; (2) a force 


• TV 2 sin (2nnt + ~ ja 


acting at the same point in the direction of the connecting 
rods ; (3) a couple of moment 

. T6 sin f 27tnt — ' 


aV2, 


having its axis at right angles to the shaft and to the coup- 
ling rods ; (4) a couple of moment 


— T6 sin (27cnt I aV 2, 


having its axis at right angles to the shaft and to the con- 
necting rods. The two forces (1) and (2) may be expressed 
as a horizontal force : 

H = I sin (27int + ^ — cos a sin {27int + ^ 


TV2 . 

: sm a cos 


(27cnt 


a 

IV 2 . / ^ O A 

= sm a cos [a 27t7it 

a V 4 / 

together with a vertical force : 

TV2 . • \ 

y = sin a sm 27int 4- — a 

a V ^4 / 


+ 


7C 


■a) 


(77) 


TV2 . 

sm 


a sin ^ — 27tni^. 


(78) 


These forces accordingly have a constant resultant TV 2 sin a /a, 
which rotates about the shaft in the opposite direction to the 
cranks, with the same speed n. In a similar manner, the two 
couples (3) and (4) may be expressed as a couple about a 
horizontal axis, of moment : 




^ TO 
a'V2 
TO 


aV2 


r, sin a sin i27mt — a — ^ ) 

2 4 / 

sin a cos {a — ^ — 2nni^ 


. (79) 
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with a couple about a vertical axis, of moment : 

Vj — jsin (2nnt — cos a sin {27tnt — ^ — a) | 

aV2 \ ^ 4 / V 4 / J 

= sin a sin fa — — — 27ini). . . . (80) 

ay 2 \ 4 / 


The couples accordingly have a resultant of constant magnitude 
T6 sin a /aV 2, whose axis lies in the line of the resultant force, 
thus revolving in the opposite direction to the cranks and at 
the same rate. It is evident that the jack shaft bearings have 
to be held stiffly against forces in aU radial directions. The most 
unfavourable value for a is clearly 90*^, and in this case the 
whole torque of the motor is transmitted from one side of the 
locomotive to the other through the jack shaft four times per 
revolution. 


Example. — ^The order of magnitude of the forces imposed on 
the locomotive frame in side-rod driving, wiU be best appreci- 
ated by the consideration of an example. Take for this 
purpose the Dessau-Bitterfield express locomotives (see page 
406 ; these have vertical connecting rods so that a = 90*^ ; the 
weight of the locomotive is 157,000 lbs., of which 68,500 lbs. is 
on driving wheels ; taking the maximum tractive effort as a 
third of the weight on driving wheels (and being a single-phase 
locomotive with rigid transmission of power, this imphes an 
effective tractive effort of something over a sixth of the weight 
on drivers), its value is 22,800 lbs. The driving wheels have 
a diameter of 63 inches, whilst the crank-circle has a diameter 
(2a) of 23-6 inches ; the horizontal distance, 6, between the 
centres of crank-pins is approximately 80 inches. Thus the 
revolving force found above has magnitude : 


22,800 X 63 X V2 
23^6 


86,000 lbs. 


whilst the moment of the revolving couple is : 

86,000 X 


2 X 12 


287,000 Ib.-feet. 


this is &/aV 2, or 4*8 times the maximum torque of the motor. 



The above discussion is based on the assumption that the 
load is divided between the rods on the two sides of the loco- 
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motive in a certain ideal manner, wMch is quite unattainable 
in practice. A cranked shaft of the kind involved possesses 
four principal regions at which it reacts against outside con- 
straint, namely, its two journals and its two crank-pins (fig. 
32). Three of these determine the direction and angular 
position of the shaft at any instant, the fourth being for the 
time redundant. Except for certain transition periods, during 
which the parts are being relieved of elastic strain, the shaft 
reacts at three of its bearing surfaces only, whilst the fourth is 
passing through its clearance. Each bearing surface may 
therefore be said to be active on an average for three-fourths 
of the time. The exact manner in which the driving is effected 
accordingly depends on the clearances in the several bearing 
brasses, on the accuracy of adjustment, on the inertia of the 
parts, and on the elastic deformation consequent on the forces. 

More Detailed Calculation. — It is not practicable to 
take account of all the influences affecting the problem, but 
useful information can be gained if the parts are assumed to 
be rigid and without inertia, whilst the centres of pressure of 



the several bearing surfaces are assumed invariable. With 
these assumptions, and with any particular clearances and 
adjustments, it is a simple matter to determine which three of 
the four bearing surfaces of the shaft are in use at any particular 
instant, and what forces act on the several parts with a given 
torque on the shaft. Eig. 33 gives curves of the variation of 
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force in the side rods determined in this manner for a particular 
and quite normal case of uniform total torque, whilst fig. 34 
shows the variation in the torque impressed by the side rods. 
In these figures the chain lines show the corresponding curves 
traced from equations 74, 75 and 76. The elastic yielding of 
the parts would have a general tendency to mitigate the sharp- 
ness of the peaks and the abruptness of the changes and slipping 




Via. 34. — Torque produced by Side Hods. 


of the wheels would also tend to relieve the structure of the 
worst shocks. Inertia of parts on the other hand would tend 
generally to accentuate local stresses. In spite of ameliorating 
circumstances, however, it may fairly be concluded that the 
forces acting on the structure, and the stresses in the side rods 
and crank-pins, have values at times greatly in excess of those 
indicated by the simpler theory, and that the forces may come 
upon the parts very suddenly. 

Stresses due to Short Rods. — The clearances assumed in 
figs. 33 and 34 are reasonable and such that actual binding 
does not occur ; but a small change in adjustment might have 
resulted in binding, with great increase in the peaks of force. 
In the case of rods between jack shaft and wheels, the rise and 
fall of the axle-boxes in their ways has the effect of changing 
the adjustment slightly as the locomotive sways, and in some 
cases results in very severe stresses on the parts ; the cause of 
this is readily seen from fig. 35, in which A is the centre of the 
jack shaft, and BC the travel of the axle-box, very much 
exaggerated by comparison with the centre-spacing. AD 
represents the length of the rods in the central position of the 
axle-box, and AB or AC the length in an extreme position, 
thus DE is the amount by which the length of the rods must 
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vary in order that they may accommodate themselves to the 
rise and fall of the axle-boxes. This trouble is clearly the 
greater the shorter the rods, thus showing that long rods are 



Fig. 35. — ^Effect of Obliquity of Side Rods. 


desirable for this connection ; the steam locomotive is free 
from the defect, the variation in question being taken up by 
piston clearance. 

Fine Clearances Necessary. — It might be supposed that 
some of the troubles referred to would be avoided by the 
provision of larger clearances in axle-boxes, bearings and 
crank-pin brasses. Such a course, however, results in exces- 
sive pounding vibration, and, furthermore, by permitting the 
rods to get out of parallehsm, renders locking possible in 
passing the dead centres, a condition Ukely to result in fracture 
or distortion of the side rods and crank-pins, and in any case 
only relieved by the agency of great stresses. Experience, in 
fact, shows that a large factor of safety must be allowed in 
designing the gear for the mechanical transmission of power 
to the wheels, that fine clearances are necessary to satisfactory 
operation, and that consequently the wearing parts must be 
frequently and closely adjusted, and the whole gear kept 
continually under expert supervision.* 

Vibration. — Besides possessing the undesirable character- 
istics discussed above, the side-rod locomotive is apt, when 
running at certain speeds, to be set into a state of vibration, 
which may become violent enough to impair the efficiency of 
the locomotive and even compass the destruction of parts of 
the transmission gear. The character of the phenomenon 
suggests that it is due to synchronism of periodic impulses 
with some natural period of vibration of the structure, and the 
cause can easily be surmised. The matter has been discussed, 

* See Electric Bailway Journal, vol. xli, p. 452. 
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with particular reference to the second Ldtschberg locomotives, 
by J. Enchli,* who attributes the trouble to the indeterminate- 
ness discussed above. Buchli makes the significant remarks : 

“The Lotschberg locomotives which have been in regular 
operation since the middle of last year develop at certain speeds 
very serious vibrations whose cause has for a long time been 
unexplained. While some of these locomotives run perfectly 
steadily at all speeds up to 75 km. hr., in others there appear 
at speeds between 35 and 42 km. hr. vibrations which in 
several cases have caused serious defects of the driving gear. 
By careful adjustment of the bearings one is able to remove 
the trouble. The adjustment requires labour and time, and 
shortly after the locomotive is put in normal service the trouble 
occurs again. Similar vibrations to those seen on the Lotsch- 
berg locomotives I have also observed on other jack-shaft- 
driven locomotives. They appear under some circumstances 
so serious that the locomotive in question cannot be kept in 
service. The locomotives of the Pennsylvania Railroad 
appear to possess this same fault, and I do not think I am 
going too far when I make the statement that every main line 
electric locomotive built up to this time with side rods and 
jack shafts shows mechanical vibrations of this character in 
greater or less degree. It is, therefore, not surprising that the 
representatives of main hne raihoad companies are to-day 
looking at the side-rod drive with some mistrust and that the 
American construction of drive, the axle motor or the quill- 
drive motor, is again coming into prominence.” 

General Calculation of Vibrations. — The force exerted 
by a side rod, shown generally in fig. 33, may be expressed 
by a Fouriers series of the form : 

T 

F' == — sin {27iknt + %) . . (81) 

a 

where h takes successive integral values from unity upwards. 
The torque imposed by the side rod takes the form : 

T' = T sin 27tntEAi^ sin {27tknt -f aj^) 

= { cos \_ 27 z{ 1 c — l)nt-\-aj^'\ — cos [27^(^-f-l)7^^ (82) 

Where the motor is one which exerts a continuous torque, like 

* E.T,Z,, vol. 35, p. 613. 


94 


RAILWAY ELECTRIC TRACTION 


the continuous current, or the polyphase induction motor, T is 
constant, and the force exerted by a side rod is made up of 
periodic components having frequencies n, 2n, 3?^, etc., repre- 
sented by the general formula Icn, whilst the torque imposed 
on a crank-shaft is made up of components having frequencies 
given by the general formula {h ± l)n. The several com- 
ponents of force and torque cause corresponding vibrations in 
the structure, and should any of them chance to approximate 
in frequency with a natural mode of vibration, the amplitude 
is hable to become excessive. Thus as the speed {n) is 
increased, the locomotive usually passes through successive 
states of vibration more or less marked, intervening with 
quiescence. In this connection it may be noted that the 
polyphase locomotive is less likely to exhibit susceptibility to 
vibration than either the continuous current or single-phase 
locomotive. In the former tj^pe of machine the characteristic 
of the motor is such that the running speed is practically 
definite whatever the load or gradient ; and if precautions are 
taken that this running speed produce no resonant vibration, 
any vibratory effect can only be of a transient nature, as the 
speed passes through a value corresponding to resonance, and 
this would in all probability not have time to attain destructive 
amplitude. In the latter types, however, the running speed 
varies largely with outside conditions, and is accordingly much 
more likely to include critical values. 

Single -phase Motors. — The value of n usually varies 
from zero to some 6 or 7 revolutions per second, the upper 
limit depending on the class of locomotive ; in most cases, 
however, the natural frequencies with which resonance is 
possible are of an order not less than 40 periods per second ; 
thus in the case of locomotives driven by motors of continuous 
torque, the higher harmonics only of the effort curves are 
competent to give trouble, and the vibration produced, whilst 
noticeable, and even at times objectionable, is rarely destruc- 
tive, since the amphtude of these harmonics is not usually very 
great. The case is otherwise, however, in locomotives driven 
by single-phase commutator motors, in which the primary 
effort is periodic, and may be written in the form (neglecting 
harmonics), T = Ti -f Ta sin 4:7r/^, the frequency being twice 
that of the supply (/). In this case the force in the side rod, 
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besides components of the form already discussed, arising from 
Ti, includes components of the form : 

Eo' = — sin 4jzftZAj, sin {^Ttlcnt + aj^ 
a 

= (cos [(4jr/ — 2nlcn)t — aj 

ct 

— cos [(47r/ + 27tlcn)t + %]} . . (83) 

The frequencies of these components may be expressed by the 
general formula 2/ ± kn ; in a similar manner it can be shown 
that the torque imposed by the side rod, besides the com- 
ponents already discussed, includes components of frequencies 
given by the general formula 2/ dz (/^ ± 1)^. The value of / 
ranges generally from 15 to 16] cycles per second, and the 
components whose frequencies are given by the above general 
formula often come within the region of resonance for quite 
small values of k and normal running values of n ; such com- 
ponents may easily be comparable in magnitude with the main 
driving forces, and the vibrations set up by them are apt to be 
not merely violent, but so destructive as to necessitate the 
imposition of drastic limits on the speed of the locomotives. 
Thus, although side-rod transmission offers very decided 
advantages in connection with the single-phase commutator 
motor, these are accompanied by such grave disadvantages as 
render the use of such transmission of doubtful expediency in 
many cases. A region of excessive vibration may sometimes 
be avoided by the insertion of an elastic link in the trans- 
mission, which reduces the resonant frequency and removes it 
from the range of ordinary running speeds, that is, in so far as 
the vibration may be set up by lower harmonics of the effort 
curve. As clearances change, however, other of the harmonics 
become effective and vibration more or less violent is sure to 
be produced at times. Thus in the original form of the second 
Lotschberg locomotives the vibrations set up were sufficiently 
violent to fracture the yoke, but the trouble was mitigated and 
the locomotives rendered workable by the insertion of springs 
between the gears and auxiliary shafts. The results, however, 
are not considered entirely satisfactory and apparently no 
more of the type are to be installed. The single side-rod 
locomotive made for the New Haven line, in which the motor 
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armature is mounted on a quill and drives through springs, 
appears also to have proved unsatisfactory. 

The foregoing deals with forces between parts of a loco- 
motive which are connected together in a substantially rigid 
manner, resulting in vibrations of comparatively high fre- 
quency. The locomotive is so designed that the reciprocating 
driving forces have no components deflecting the spring 
system, for these could hardly fail to produce violent oscillation 
of the structure. Vibration under the control of the suspen- 
sion springs may, however, arise from want of balance in the 
rotating and reciprocating parts ; but, since all driving parts 
of an electric locomotive move in circles, approximate dynami- 
cal balance is generally practicable. In the case of locomo- 
tives which have their crank-pin brasses fixed in the rods, 
perfect balance may be attained. In the Scotch yoke drive, 
however, the balance is not perfect, since the crank-pin brass 
of the central wheel works in a vertical slot in the yoke, so that 
inertia forces due to the yoke are thrown, in the course of the 
revolution, between this crank-pin and those of the yoked 
shafts. Dynamical balance could be obtained in this latter 
case by attaching to the yoke a weight, which should 
bring its centre of gravity (including with it a half of the 
attached coupling rods) into the lines of the yoked pin centres 
and counterbalancing it on the yoked shafts. Vibration due 
to want of balance is less likely to afiect polyphase locomotives 
than others, since these run at approximately constant speed, 
and it is principally on such locomotives that the Scotch yoke 
drive has been employed. 

Efficiency of Side -rod Drive. — An effect of the large 
and irregular forces incidental to side-rod drive, and of the 
vibrations which they set up, is that the loss of energy in the 
transmission gear is greater than would be expected from con- 
siderations of its simplicity and directness. It is exceedingly 
difficult to separate the loss in question from the total energy 
involved, but such tests as have been made certainly indicate 
greater loss than in direct-geared drive. It has even been 
claimed, as a result of continental tests, that the efficiency of 
side-rod drive is at best no more than 90 per cent. ; but it is 
probably expedient to take this figure with reserve, as the 
tests are necessarily very difficult and it is not easy to see 
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where so much wasted energy could be dissipated without 
immediate detriment to the parts. 

SELECTION OF LOCOMOTIVES 

The foregoing discussion shows that the nature of the service 
and the system of operation exercise chief influence in deter- 
mining the general type of locomotive most suitable for use on 
a given railway. The question of the provision of auxiliary 
trucks is in some cases determined by the system of working, 
as affecting the weight of the parts. In the continuous-current 
system the natural weight of the equipped locomotive is seldom 
greater than can be conveniently carried on driving axles, and 
the additional weight needed for auxiliary trucks has to be 
provided in the form of ballast. In the single-phase system, 
on the other hand, there is usually an excess of weight to be 
provided for, and locomotives operating on this system are 
accordingly more frequently fitted with auxiliary trucks. 

Weight on Axles and Tractive Effort. — limit is 
always imposed on the designer in respect of the total weight 
borne by each axle, and this frequently affects his design by 
imposing a hmit on the attainable tractive effort per axle. 
On a bad rail, the maximum value of this tractive effort may 
not exceed 16 or 18 per cent, of the pressure on the driving 
wheels ; and in the case of multiple unit trains, in which it is not 
convenient to sand the rails ahead of every driving wheel, it is 
usual to arrange, if possible, that the maximum tractive effort 
required does not exceed the lower of the above figures. In 
locomotives, on the other hand, where sanding gear can readily 
be used, it is considered conservative to provide for a maximum 
tractive effort of only 20 per cent, of the weight on driving 
wheels, and it is quite common to allow 25 per cent, as 
a limiting service condition. Actually the tractive effort 
required to slip the wheels on a good rail may amount to as 
much as 35 per cent, of the weight carried, and although this 
cannot be reckoned upon as a service condition it is necessary 
in general to provide that no damage may ensue if the wheels 
are slipped under these abnormal conditions. The limit of 
satisfactory operation for the motors should therefore be 
beyond this slipping point, whilst the mechanical strength of 
all parts involved in driving should be computed to provide 
for the stresses thus set up. 


98 


KAILWAY ELECTRIC TRACTION 


Slipping Wheels. — ^In locomotives driven by impulsive 
torque, which transmit the forces entirely through rigid Hnks, 
the limiting value of the average tractive effort is naturally 
smaller than in machines driven by continuous torque, since 
the maximum permissible, as determined by the slipping, is no 
greater. Where the draw-bar pull may approach a limiting 
value, therefore, locomotives of the former class require greater 
weight on the driving axles than those of the latter class. The 
slipping, when it is first started under impulsive torque, is apt 
to be markedly different in character from that due to con- 
tinuous torque, for whereas in the latter the wheels, having 
once lost grip of the rails, revolve rapidly, in the former they 
may, as it were, renew grip every half period and thus crawl 
round. It may be mentioned that the tractive effort when 
the wheels are slipping rapidly is only some 8 or 10 per cent, of 
the weight carried, so that when the grip of the rails has been 
lost, considerable reduction in motor torque must take place 
before it can be restored. 

Capacity of Locomotive. — The capacity of a locomotive, 
as measured by the train it can haul, depends not only on the 
weight of the locomotive and the dynamical characteristics of 
its motors, but also on the nature of the service and the charac- 
ter of the route, particularly as regards disposition and steep- 
ness of gradients. It is the business of the designer of the 
locomotive to examine all the conditions of its operation, in so 
far as they can be foreseen, with a view to determining which 
are likely to constitute the greatest tax on its capacity. He 
may, as the result of his survey, be able to indicate more suit- 
able methods of handling the traffic, assimilating the require- 
ments of the several classes of service or sections of the route ; 
for just as economical methods of operating steam traffic are 
ultimately governed by the limitations of the steam loco- 
motive, so the methods of electrical operation should conform 
naturally with the means employed. 

Many locomotives, particularly those intended for goods 
traffic, are required on emergency to exert all the tractive 
effort that their adhesion permits, being therefore limited only 
by the track condition and weight on driving wheels. The 
maximum train hauled under such circumstances is determined 
by the ruling gradient, it being presupposed that the limiting 
draw-bar pull allows a satisfactory factor of safety for the 
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draw-gear. The couplings used on Britis&g-^\; 
composed as they are of inch wrought-iron^^j^x 
ultimate strength of the order of 60 or 70 tons.%:^K^ 
are broken it is usually by the surging of the train,. 
the consequence of breakage may be serious, it is not advSable^ ^ 
to allow the steady pull to exceed some 15 tons, even under the 
worst conditions, when starting a heavy train on a steep 
gradient. A locomotive having weight on driving wheels of 
the order of 70 tons, capable of exerting an adhesive tractive 
eflEort in service of 17|- tons or more, is quite as heavy as it is 
advisable to employ at the head of a train in this country, and 
as the permissible weight per axle is generally at least 18 tons, 
the British locomotive needs no more than four driving axles. 
Much stronger draw-gear is used in some countries ; in America, 
for instance. The Chicago Milwaukee and St. Paul Railway 
is able to employ locomotives at the head of trains having 
eight driving axles, bearing between them a weight of 180 tons, 
whilst the locomotives used for the Elkhorn gradient electrifi- 
cation of the Norfolk and Western Railway have eight driving 
axles carrying a total weight of 200 tons. 

Where the haul is long and continuous the heating of the 
motors rather than the ruling gradient is hkely to set the limit 
of the capacity of a locomotive. The limit in this case depends 
on the average gradient, and where the route is undulating 
particular gradients usually have but little effect. Where, 
however, long continuous gradients have to be surmounted, 
the additional heating due to this cause should be taken into 
account. In most modern locomotives intended for this class 
of work the motors are cooled by forced draught, and the 
heating is thus to some extent under control. It is, however, 
neither usual nor necessary to provide a motor equipment 
capable of giving the maximum tractive effort continuously. 
The capability of a locomotive, measured by the maximum 
weight of train that it can haul, is therefore dependent both 
on the nature of the service and on the character of the route, 
being in some sections limited by the ruhng gradient, and in 
others by the average gradient. With the former limitation 
the weight on driving wheels governs the capacity, whilst with 
the latter, the length of haul and time of layover enter into the 
question, as well as the nature of the motor equipment. 

Passenger Locomotives. — ^I n passenger service the maxi- 
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mum tractive effort is exerted during the initial acceleration, 
and this is usually several times as great as would suffice to 
carry the train against the ruling gradient. The weight on 
driving wheels is accordingly determined so as to provide a 
suitable starting effort for normal trains, but the Hmit of 
capacity of a given locomotive, although affected somewhat 
by the character and disposition of gradients, is in the main 
governed by the nature of the service as regards schedule 
speed, frequency of stations, and duration of station stops and 
layovers, these being the chief factors which affect the heating 
of the motors. The estimation of the heating and the deter- 
mination of the most suitable driving equipment to fulfil the 
conditions imposed by the nature of the road and traffic will 
be discussed in later chapters. 

Shunting Locomotives. — ^Locomotives intended solely for 
shunting work are of comparatively small power, having 
regard to their weight, since the speed is low. In such loco- 
motives the capacity is limited only by the adhesive weight, it 
being presupposed that the motor equipment is dynamically 
capable of furnishing the maximum tractive effort which the 
weight permits. The heating of the motors is rarely of much 
consequence in these locomotives, since the power is small, the 
work intermittent and the dissipating surfaces of the motors 
large. 
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CHAPTER III 
RAILWAY MOTORS 

The design of railway motors does not differ in principle 
from that of stationary power motors ; but their construction 
is so largely affected by the limitations of space, by the heavy 
intermittent duty usually required of them, by the continual 
vibration to which they are subject in service, by the difficulties 
of getting rid of the heat developed without exposing them to 
deleterious action of the elements, and by the necessity they 
are under of working for long periods without adjustment or 
attention, that they furnish a problem of quite a special nature, 
often taxing the designer’s skill to the utmost. It is, however, 
not the author’s intention to enter in detail into the subject 
of designing railway motors, but rather to discuss it in general, 
with particular reference to the pecuhar conditions under 
which the motors have to operate. 

The Continuous Current Series Motor. — ^The railway 
motor takes a number of forms according to circumstances, 
but the commonest and most highly developed of these is the 
continuous current series motor, adapted to be carried between 
an axle and transom of the locomotive truck, and driving the 
axle through single reduction gearing. A description of a 
t37pical motor of this form follows, as illustrative of the manner 
in which good modern practice meets the requirements of 
service. Figs. 36 to 43 give views of motors of the t3q)e 
in question. Fig. 36 is an exploded view of a motor, with 
lettering for identification, to which reference is made in the 
following description. Figs. 37 and 38 give longitudinal and 
transverse sections of a motor of the totally enclosed or grid 
ventilated type, having radial ventilating ducts. Figs. 39 
and 40 give longitudinal and transverse sections of a fan- 
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ventilated motor in which the air is drawn in one Hirc^aiti hy a 
series patli through the motor. Fig. 41 in a hnjgitndiiial 
section of a farevcaitilatial motorj in wfuc4i ttu^ air drawn 
in two streams by multiple patlis. Figs. 42 and 43 give long! 
tudinal and transverse sections of a motor* cooled by foretnl 
draught from an outside Irlower. 

The MKrHANiCAL Struotitre.- -Phe frame. A, of the rmdor, 
which also serves as the magnetic yoke, is of c^asi stcHd, shaped 
roughly in the form of a rectangular prism, having w<41 fonndecl 
corners and large bored opcaiings, one at c^aclr end, into whicdi 
frame-heads, C, carrying the armatures shaft. h(*aring linings, 
are bolted. Through the frame hea<l opening at. the^ piniem 
end the armature, B, can bo put in pla(a% or witlidrawn from 
the frame. The motor is suppori<*(l from tln^ axh^ by mc*ans 
of axle-bearing brackets and scicured by means <4 axl(vb(»iinng 
caps, I), which hold the split axl(‘»bcw*ing linings, F, and also 
contain the oil wadis for these bewings. It is suppiuled from 
the transom-bracket by means of a lug cast in t hc^ fnum% often 
fitted with a wc^aring- platen 

The Magnktio (Juunrrs. The motor is of tlu^ four [nde 
class, for this in gener-al proves the most (H'ommii(*aI, mid in 
fact often the only prnetic^ahle d(‘sign, having nganl to spaei^ 
limitations. The poke piecr^s, F and .1, an* Imbed to suitahlo 
seats in the fr’amc l)y means of through b<^bs. The exciting 
pole-pieccH, R, are built up of laminations tdiamfered alter 
nately at the tips, which are therefon*, (juiekly saturaied and 
so cause a stifl iield to he maintained in the* emnmutating /,one. 
The exciting field coils, (4, iin* of ribbon woumi copper sirip, 
insulated internally by iiHans of asheshis, and filk*d \vith a. 
heavy varnish or irnpr(*gnat4Hl in vacuo with a bitumen 
compound. Tliey an* hedd in lla* motor against insulating 
pads, H, wdiich rc^st (ui mimhinefi fai'cs, and an* kept in place 
by means of spring flanges, I ; for, with tfie vibration of 
service, rigid clamps would <5ventually cut througii tfie insulat'^ 
ing covering of the coil and ground the winding. The? (‘xediing 
field coils are often tapped in one or more {daces in orrler iti 
give higher speed by reduction of excitation. Tim aniti iitating 
pole pieces, J, are drop forged. The coniniutating fiidcl coils, 
K, are generally of edgowise-wouml copper strip insulakitl with 
asbestos, filled or impregnated lik<? tiic? exciting coils, and 
supported between insulating pads, L, and spring ihmgm, M. 



Fig. 37. — ^Longitiadinal Section of Enclosed Railway Motor. 
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in the current by two sets of brushes only, which can 
be arranged conveniently for inspection and adjustment 
when the commutator cover is raised. The latter is a 
desirable provision when it can be attained, inasmuch as 
the commutator and brush gear comprise perhaps the 
most delicate parts of the motor ; for brush holders located 
out of sight below the commutator may be neglected, and 
possibly come into contact with and damage the commutator 
when the bearings are worn unduly or the babbitt melted 
out. However, in some cases the space limitation compels 
the use of four brush holders (see fig. 43). In powerful 
motors the armature is usually bar-wound, where this design 
is practicable ; and the pitch of the winding is then usually 
made fractional with respect to the slot pitch, in order to 
secure the most favourable conditions for commutation, 
although this construction necessitates the use of riveted and 
soldered, or welded, end-connections. The bars are split and 
turned over in the slot portion, in order to diminish eddy 
currents in them. The conductors are separately insulated 
with mica and assembled in sets to suit the slots. The set is 
further insulated with mica along the slot portion, and the 
whole compound bar is given a protective covering of tape 
filled with an impervious varnish. The pinion-end armature- 
head is extended to form a rigid seat for the end-connections, 
whilst the commutator-end armature-head fills the whole 
space between core and commutator, with the same object. 
The ends of the coils are bound down sohdly to the seats so 
formed, over a good insulation of moulded mica. This is an 
important detail rendered necessary by the excessive vibration 
to which the motor is subjected in service. The binding bands 
are of tinned steel wire, some being wound in recesses in the 
core and others over the end-connections. The conductors 
are soldered directly into ears forming part of the commutator 
segments, thus avoiding the use of connecting leads. 

The Commxjtatob. — ^The commutator is composed of hard 
drawn copper segments, insulated throughout with mica. The 
segment mica is about -030" thick and is kept recessed for 
about the same distance from the commutator face so that the 
brushes bear on copper only. The thick cone micas are built 
up and pressed sohd in steam moulds. The commutator shell 
and cap are of cast steel and are pressed together hydraulically 
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before tbe bolts are tightened, for it is very important that the 
segments should be tightly clamped. 

The Brush Gear. — The brush holders, N, are of cast 
bronze, attached rigidly to the motor frame by means of steel 
studs and insulated from it by a primary insulation of com- 
pressed mica and a surface insulation of porcelain. The 
holders have a radial adjustment only, being located so that 
the brushes are set at the geometrical neutral point. The 
brushes, T, shde in finished ways, being pressed radially against 



Eiq-. 39. — Longit-udinal Section of Ventilated Railway Motor, 
Series Ventilation. 


the commutator by independent fingers which give sensibly 
uniform pressure throughout the working range of the brushes. 
On account of the great vibration which the motor has to 
stand in service, the brush pressure necessary is considerably 
greater than is customary for stationary motors, being usually 
in the neighbourhood of 6 lbs. per square inch. The need of 
this pressure is not manifest from tests made in the shops, and 
satisfactory operation on the testing stand with smaller pressure 
should not be accepted as implying satisfactory operation in 
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service. The brushes, moreover, should not he accepted on 
the sole evidence of shop tests, for a very homogeneous, close 
and tough brush is required to stand the pressure and vibration 
of service without chipping or sphtting, although an inferior 
brush may be found quite satisfactory in shop tests. It is 
not good economy to use a poor brush for this service, however 
low the price. The brushes, however, which have shown 
themselves suitable for the work have a surprisingly long Ufe 
on modern commutating pole continuous-current motors, the 
service running into hundreds of thousands of miles. The 
commutator wear also is exceedingly small in this class of 



Fig. 40. — Transverse Section of Ventilated Railway Motor, Series Ventilation, 


motor, being of the order of three or four hundredths of an 
inch per hundred thousand miles run. 

The Shaft and Bearings. — ^The armature shaft is of special 
steel, of high tensile strength and good ductility. The journals 
are rolled smooth after the finishing cut has been taken in the 
lathe. The bearing finings, P, are housed in the frame heads, 
C, which are of malleable iron, cast in one piece, shaped on the 
inside roughly in the form of truncated cones. The conical 
portion extends for some distance within the armature head 
at the pinion end of the motor, and well inside the commu- 
tator shell at the commutator end. The linings, P, are 
babbitted to such thickness that if the babbitt should be 
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Fig. 41.— Longitudinal Section of Ventilated Railway Motor, Multiple Ventilation. 
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melted out, the shaft is supported on the bronze sleeves 
before the armature touches the poles. The pinion-end bear- 
ing, being subject to much greater pressure than that at 
the commutator-end, is made greater, both in length and 
diameter, its area usually exceeding that at the commutator- 
end by at least 50 per cent. 



Vu,. 42.— Longitudinal Soetion of Motor Donignod for Forcod Ventilation. 


Litbrication.— T he bent practice favourB oil and wool waste 
lubrication. The frame heads have large oil wells into which 
the waste is packed, and an opening is made in the bearing 
lining on the low pressure side, where the wool, which is 
specially selected and in long strands, is held in contact with 
f/he journal. Oil ring lubrication has been used to some extent, 
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and with suitable oil and frequent inspection it may be satis- 
factory ; but it is sometimes necessary in this case to change 
the oil according to the temperature of the air, particularly in 
places where seasonal variations are great. The chief objec- 
tion to oil ring lubrication, however, is that the dust and grit 
picked up on the road are sure to get into the oil eventually, 
and unless the covers of the oil wells and details of the bearing 
ends are carefully watched, a considerable amount may collect 
there. With oil ring lubrication this grit is fed on the journals, 
much to their detriment ; but with oil and waste lubrication, 
which feeds by capillarity, it is strained out and the filtered oil 
alone reaches the journals. Modern motors are lubricated 
every ten or twenty days according to the service and the life 
of finings is from 50,000 to 200,000 miles. Improvements in 
material and perfection in manufacture as well as in design 
have contributed to these results. The axle bearing linings 
are necessarily split and are usually of bronze without babbitt. 
Oil and waste lubrication is employed for these bearings also 
and suitable oil wells are located in the axle bearing caps. A 
housing of sheet steel is now commonly used to cover up the 
axle between the bearings, in order to exclude dust. 

Gearing. — ^The gearing used with railway motors has been 
brought to a very high state of perfection as regards the 
homogeneity and toughness of material, and the accuracy of 
workmanship. The steel used is as carefully selected as the 
best tool steel, which it resembles in some of its properties, 
and the heat treatment it receives is calculated to secure 
uniformity of structure with hard wearing surface and very 
high elastic limit. In the best quality forged gears and 
pinions, the metal is elastic almost up to the breaking 
stress of 140,000 to 150,000 lbs. per square inch. The 
pinions are invariably of forged steel, and are sometimes 
case hardened and sometimes of uniform temper, according 
to the nature of steel employed. They are usually applied 
to the taper fit on the shaft after having been heated by 
immersion in boiling water ; for greater heating than this 
would, in the case of some steels, injure the temper. The 
gears are either forged or of case-hardened cast steel, the former 
being preferable for heavy service. Sometimes a forged steel 
rim pressed on to a cast steel centre is used. The gears are 
pressed on to the special seat on the driving axle before the 
driving wheel is fitted, split gears being practically superseded 
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by solid for this class of work. The best quality modern gears 
generally have a useful life of the order of 300,000 miles, whilst 
the pinions last about 100,000 miles, the wear of the members 
being approximately in the ratio of gear reduction. Gear- 
teeth should be exceedingly strong for railway service, as a 
broken tooth frequently leads to a bent armature shaft. In 
the best modern practice the diametral pitch is never made 
greater than 21 (1-257 inch circular pitch), but it is becoming 
common to use pitches of 2| or even 2 for heavy suburban 
service, whilst a pitch of 1-75 (1-795 inch circular pitch) is 
sometimes used in powerful locomotives. Teeth of involute 
form are used, having generally an angle of approach of 14| 
degrees, but sometimes of 20 degrees. Steel teeth are 
occasionally employed. The gearing is enclosed in a split 
gear case, Q, rigidly supported on the motor frame. Gear 
cases have in the past generally been made of malleable cast 
iron, but lately pressed steel, which has the advantage of 
lesser weight, has been employed to some extent. 

Ventilation. — The means adopted for getting rid of the 
heat developed in the motors are of the utmost importance. 
Before the service required of motors was as severe as is usually 
the case at the present time, it was considered preferable to 
have the motors completely enclosed in order that all road dust 
might be excluded ; and the armature core was then provided 
with radial ventilating ducts so as to aid in distributing the 
heat (see figs. 37 and 38). Since in this case the heat is carried 
away througli the fi’aine, it is impossible to deal with more than 
a very moderate amount, a quantity usually of the order of 
2 to 2*5 kilowatts. As the severity of services increased, grid 
covers were put over some of the openings in the frame, such 
as are shown in fig. 3(5 at R, by which a certain interchange of 
air between the inside and outside of thci motor could take 
place, resulting in greater dissipation of heat. In more recent 
motors a definite circulation of air from outside and through 
the structure is provided by means of a fan, citlicir external to 
the motor and separately driven or internal and attached to 
the pinion-end armature head. With forced ventilation there 
are usually no radial ducts, and the circulation of air is so 
arranged that any dust that may be drawn into the motor 
passes only over smooth surfaces, whilst the liberal passages 
provided for the air give little opportunity for the dust to 
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settle inside the motor. The air-conduits of the armature are 
longitudinal, consisting of cylindrical tunnels, arranged in 
concentric circles, and passing completely through core, 
armature heads and commutator shell. Three forms of seK- 
ventilated motor may be distinguished. In a series-ventilated 
motor (figs. 39 and 40), the air is taken in at the pinion-end, 
passes over the field coils, armature surface, and commutator, 
then through the armature, to be expelled at the pinion-end. 
In a multiple-ventilated motor (fig. 41), the intake is at the 
commutator-end and the stream of air divides, passing in 
multiple over the field coils and through the armature. In a 
mixed or series-multiple ventilated motor there are intakes 
at both ends of the motor, some of the air passing over the 
field coils and armature face and the whole passing through 
the armature. In each case the air is expelled through 
openings in the pinion-end frame head. When such motors 
were first introduced fears were entertained that they would 
deteriorate rapidly through the admission of water and other 
foreign matter with the air. The fears, however, have proved 
groundless, matter entering the motor being ejected with the 
air. The self -ventilated t3^e is preferable to that having an 
external blower where it is capable of dissipating the heat ; 
and fortunately, with continuous current motors, there has 
never been found need to use the external blower in motor 
coach operation, where its use is particularly undesirable. 

Dynamical Characteristics. — The dynamical capacity of a 
railway motor is best represented by its characteristic speed, 
tractive effort, and efficiency curves. These for typical modern 
motors are shown in figs. 44 and 45. The speed is that of the 
train, and the tractive-effort that at the rims of the driving 
wheels. The efficiency and speed curves are drawn to corre- 
spond with a motor temperature of 75° 0., this being approxi- 
mately the average working temperature of the motors. The 
characteristic curves are made up for definite voltage, gear 
reduction, and size of wheel. If they are required for other gear 
reduction or size of wheel the correct curves are easily deduced, 
inasmuch as the train speed varies directly as the diameter 
of the driving wheel and inversely as the ratio of gear reduc- 
tion ; whilst the tractive effort varies directly as the ratio of 
gear reduction and inversely as the diameter of the wheel, the 
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efficiency remaining sensibly uncbanged with change of gears. 
The correction for change in voltage is but little more com- 
plicated ; for the tractive effort at any current is practically 
independent of the voltage, whilst the speed varies as the 
counter-electromotive force. The resistance of the motor 
winding being known, the drop of voltage in it at any current 
is immediately deduced ; and that in the brush contact may 
be obtained from appropriate special tests, but for most 
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Fig. 44. — Characteristic Curves of G.E. 212 Railway Motor. 

63/20 gear, 40 in. wheels, 600 volts. 

purposes may be assumed independent of the current at about 
2 volts. The difference between the motor terminal voltage 
and the total resistance drop gives the counter-electromotive 
force. Thus the motor of fig. 44 has a winding resistance of 
approximately *095 ohms ; and at 200 amps, and 600 volts 
the train speed is seen to be 30*0 m.p.h. Accordingly at the 
same current but at 300 volts the train speed will be diminished 
in the ratio of 600 — 19 ~ 2 to 300 — 19 — 2 or of 579 to 279, 
its value accordingly being 14*5 m.p.h. 



116 




RAILWAY ELECTRIC TRACTION 


Wear of Driving Wheels. — The effect of the vp-earing of the 
driving wheels is a matter of some interest. Eig. 46 shows 
train speed and tractive effort curves for motors having the 
characteristics of fig. 44, but fitted with wheels of 41| and 
38| inches diameter respectively ; if now both sizes of driving 
wheels coexist in the same train it will be seen that the motor 
on the larger wheels continually takes greater current than the 
other. Thus at 30 m.p.h. the motor with 41^-inch driving 
wheels takes 214 amps and that with 38|-inch wheels 190 
amps, the corresponding tractive efforts being 1,910 and 1,720 
lbs. respectively. With equal numbers of the two sizes of 
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Fig. 45. — Characteristic Curves of G.E. 253 Locomotive Motor. 

82/18 gear, 52 in. wheels, 1,500 volts. 

driving wheel on the train, the mean tractive effort per motor 
is 1,815 lbs. at this speed. The motors on the larger drivii^ 
wheels naturally run somewhat hotter than those on the 
smaller, as they do more than their share of the work, being 
most unfavourably circumstanced in this respect when one 
truck has new wheels and all other driving trucks in the train 
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worn wheels. This point should be kept in mind when the 
normal heating is high. The effect of running driving wheels 
of different sizes in a train is thus quite appreciable, although 
rarely objectionable in ordinary operation. 



AMPERES 

Fig. 46. — Effect on Characteristics of Wear of Wheels. 

Unsuitability of Shunt Motob. — ^The conclusions arrived 
at in the last paragraph would have been quite different if a 
fixed field motor, such as a shunt motor, were under considera- 
tion. The speed curve of a shunt motor at constant voltage 
is given in fig. 47 with 41|-inch and 38|-inch wheels respec- 
tively, and it will be seen that if the two sizes of driving wheels 
coexisted in a train running at 30 m.p.h., the motor on the 
41|-inch wheels would take about six times the current of the 
other ; whilst at speeds in excess of 30J m.p.h. the motor on 
the smaller wheels would actually act as a brake on the train. 
This is one of the reasons that render such motors inapplicable 
to the needs of railway work. Another reason is that any 
sudden fluctuation in voltage cannot as suddenly vary the 
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exciting field of the motor. This results in a violent change in 
armature current, which is likely to slip the wheels or cause the 
motor to flash over at the commutator before the field and 
train speed can adjust themselves to the changed voltage. 
In the series motor the change in armature current cannot take 
place without a corresponding change in the field strength, and 
this circumstance limits the fluctuations to a moderate amount. 
The effect of sudden change of voltage on a series motor can 
readily be seen by computing the speed curves for the two 
limiting voltages. These will resemble the speed curves of fig. 46, 
a single tractive effort curve being, however, common to the 
two. Taking for example the upper of the two tractive effort 
curves in this figure as representative of the motor, and taking 
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Fra. 47. — Speed Curves of Shunt Motor. 


the two speed curves as representing these before and after a 
rise in voltage, it will be seen that if the train is running at 
30 m.p.h. there is a rise in current per motor from 190 amperes 
to 214 amperes, the tractive effort per motor rising at the same 
time from 1,720 lbs. to 2,080 lbs. Considerable and rapid 
variation in voltage is unavoidable in some parts of a railway 
system, and in fact the power supply to the train may at times 
be entirely interrupted and restored after the lapse of a short 
period. Shunt motors could not be operated successfully 
under such conditions. 

Determination of Dynamical Characteristics. — The 
dynamical characteristics of a motor even when derived 
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entirely from test are, in certain respects, put on a conventional 
basis for the sake of definiteness in the results. The speed of 
the motor at any voltage and current is readily observed ; 
but it varies a little with temperature and should be taken when 
the motor is warm and then, if necessary, corrected to corre- 
spond with a definite temperature, which is usually taken as 
75° C. The tractive effort is deduced from the efficiency, but 
considerable care is required to obtain a thoroughly repre- 
sentative efficiency curve. The most obvious method of 
obtaining efficiency is to measure the input at the terminals 
electrically and the output at the axle mechanically, the latter 
by the means of a Prony brake. This however is a difficult 
test to make on a motor of large power ; and, unless great care 
and skill are available and the mean of many observations 
taken, the results are likely to be disappointing. The value 
of the result, moreover, does not warrant so difficult a method ; 
for the gear losses are affected by the state of the gears, whether 
new, worn smooth, or badly worn, whether binding anywhere 
or running with sufficient clearance, whether well lubricated 
or otherwise. Inasmuch as these conditions have no reference 
to the motor itself, although it is practically necessary to 
include gears in the presentation of its characteristics, it is not 
expedient to adopt a difficult method of test where a simpler 
one can be found to serve the purpose, even if this depends on 
principles less easily justified. The usual method of deter- 
mining efficiency is by a form of Hopkinson test. For this 
purpose a testing stand is used comprising an axle running in 
three bearings and fitted with equal gears on either side of the 
centre bearing ; the motors, two in number, ride on this axle 
exactly as they would on car axles, their noses being supported 
by suitable brackets bolted to the base. Views of the arrange- 
ment are shown in figs. 48 and 49. 

Methods oe Testing. — ^In making an efficiency test, the 
motors are connected as shown diagrammatically in fig. 50 ; 
one motor, G, is operated as a generator, being excited in 
series with the other motor, M, which operates as the motor. 
The generator armature is connected in series with a load 
booster B, between the line terminals, the degree of excitation 
of the booster determining the load. A second booster Bj, 
which may be designated the line-booster, serves to adjust 
the voltage between motor terminals to the required value. 
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Fig. 48. — Railway Motor Testing Stand. 
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Fig. 49. — ^Railway Motor Testing Gear. 
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The motors are first run on load until moderately warm, and 
are then stopped and the resistance of armature and field 
windings measured. On re-starting, the motor-voltage is held 
at its prescribed value, and a series of simultaneous readings 

are taken of line- vol- 
tage V, line or make- 
up current c, motor 
current C, and load 
booster or make-up 
volts V. The make-up 
current and voltage are 
measured by means of 
low reading instruments 
and the loss is accord- 
ingly determined with 
greater accuracy than would be possil)le if the more obvious 
method of deducing it from readings of input and output were 
followed, since this involves taking the difference of two large 
quantities, both of which may bo subject to error. On com- 
pleting the series of readings, the motors arc stopped and the 
resistances of their several windings again measured. A mean 
between the resistances found before and after the efficiency 
readings may fairly be assumed for the several resistances dur- 
ing the tests, although, if the series is a long one, intermediate 
measurements of resistances may bo deemed desirable. Such 
sets of readings are taken for each motor and for each direction 
of rotation. Since the main circuits include not only motor 
and generator windings, but also certain cables, switch con- 
tacts, and switch-board connections, it is necessary, if accuracy 
is desired, to determine the resistance of these. This is 
readily accomplished by inserting short-circuiting jumpers in 
place of the motor windings and using the load booster to 
supply current for taking the voltage drop between the ap- 
propriate points in the motor and generator circuits. 

Appropriate switches arc provided to facilitate the neces- 
sary connections, a diagram of suitable switchboard wiring 
being shown in fig. 51. 

The Calcxjlations. — ^In terms of the observed quantities 
the input to the motor circuit is VC, and the output of the 
generator circuit is (V — v) (C— c), so that the total loss of energy 
in both machines, including their connections, is 

W=VO-(V-^;)(C-c) ^Yc+vQ-vc . (1) 
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Fia. 60. — Simplified Diagram of Connec- 
tions for Testing Bailway Motors. 
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From the resistance measurements the corresponding losses are 
immediately deduced ; and the brush contact resistance loss 
can be computed with sufficient accuracy by allowing 2 volts 
total brush drop in each motor, independently of load, since 
any error that may be introduced by this assumption is carried 
to the residual losses and corrects itself, except for a negligibly 
small quantity. If now the resistance losses for both motor 
and generator circuits be subtracted from the total, there 
remain the core losses, the load losses (due to distortion of 
field), the brush friction losses, the losses in armature bearings, 
axle bearings and stand bearings, the gear losses, and the wind- 


Fig. 51. — ^Wiring of Testing Stand. 

age and vibration losses. These residual losses are divided by 
two, and the half charged to the motor. The stand bearing 
losses are not properly chargeable to the motor, but as they 
are insignificant and it is practically impossible to separate them 
they are included as motor losses. The eflficiency of the motor 
is then deduced from the several losses, the resistance losses 
being taken to correspond with the standard copper tempera- 
ture of 75 ° C. 

Schedule of Calculation. — ^A suitable schedule for the 
calculation is given in table 6, and in the example chosen the 
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calculations are made for a motor Laving two field strengths. 
The resulting efficiency represents an average between the 
two machines tested together. If it were desired to distinguish 
between them, the difference between their resistances would 
have to be taken into account ; and it could only be assumed 
that the difference between the residual losses is in accordance 
with the no-load core loss tests. Usually the motor speed is 


2000 



AMPERES 


Fig. 52. — Dynamical Characteristics of G.E. 235 Railway Motor. 
70/22 gear, 42 in. wheels, 775 volts. 


observed at the same time as the efficiency readings are taken, 
although it has no bearing on them, and may be taken inde- 
pendently if so desired. Erom the motor speed, the gear 
reduction and size of wheels, the train speed is immediately 
deduced, and from the train speed and efficiency the tractive 
effort at the wheels is found for any input. Eig. 52 gives 
speed, tractive effort and efficiency curves as deduced from 
many sets of readings such as recorded in table 6. 
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TABLE 6 


Type, G.E. 235. 
Motor No. 


Efficiency and Loss CALcxTXiATiON 
Voltage, 775. Gear, 70/22. Wheels, 42 inch. 
Arm. No. . Genr. No. . Arm. No. 


Rotation, C. 



1 Motor Circuit. 


r. 

lit. 

i Motor at 75“ C. 

Tapped Field. 

Full Field. 

Gen 

Circi] 

Tapped 

Field. 

Full 

Field. 

Resistances : 
Exciting field . 
Commutating 
field . . 

Armature 
Generator field 
Board 

Total 

•0309 

•0296 

•0506 

•0305 

•0058 

-0606 

•0296 

•0506 

•0612 

•0058 

•0268 

•0492 

•0021 

0-317 

•0274 

•0501 

•0634 

•0274 

•0501 

•1474 

•2078 

•0781 

•1092 

•1409 

Motor current C 

Difference volts t 

Line current c 

Line volts V 

Vc . . . ■ . . 

vC 

-VC .... 

Losses . 

C^R Motor circuit 

C^R Generator 
circuit 

Brush C^R (2 
volts drop) . 

Core loss., fric., 
etc. . 

Core loss, etc., 
one motor 

C^R motor wind- 
ings . . . 

Brush C^R (2 
volts drop) . 

Total loss . . : 

Efficiency % . 

Speed r.p.rn. 


Tapped Field. 

1 Full Field. 

! 300 

> 53 

: 39 

790 

250 

34 

37-5 

785 

200 

23 

35-5 

780 

150 

18 

35 

778 

300 

93 

28 

795 

200 

61 

23 

790 

125 

34 

21 

785 

75 

22 

25 

778 

30,800 
15,900 
- 2,06C 

29,420 

8,500 

1 - 1,270 

27,680 

4,600 

-820 

27,210 

2,700 

-630 

22,250 

27,900 

-2,600 

18,180 

12,200 

1-1,400 

16,490 
4,250 
1 -71C 

19,450 

1,650 

1 -550 

44,640 

13,270 

5,320 

1,120 

36,650 

9,210 

3,530 

920 

31,460 

5,900 

2,110 

730 

29,280 

3,320 

1,030 

530 

47,550 

18,700 

5,780 

1,140 

28,980 

8,310 

2,450 

750 

20,030 

3,250 

850 

460 

20,550 

1,170 

200 

250 

24,930 

22,990 

22,720 

24,400 

21,930 

17,470 

15,470 

18,930 

}2,4:G5 

9,830 

600 

11,495 

6,815 

500 

11,360 

4,370 

400 

12,200 

2,460 

300 

10,965 

12,680 

600 

8,735 

5,635 

400 

7,735 

2,200 

250 

9,465 

790 

150 

22,895 

90*15 

18,810 : 
90-3 

16,130 

89-6 

14,900 ; 
87-10 

24,245 

89-55 

14,770 

90-45 

10,185 

89*5 

10,405 

82-05 

690 

770 

883 

1,090 

500 

572 

708 

1,050 

Light running 
loss . . . 1 
Gear and load 
loss . . . 1 

1,910 : 

.3,020 ; 

12,910 ] 

10,080 

13,560 

9,160 : 

r 

14,180 |] 

10,220 j] 

11,510 : 

10,420 

10,750 : 

6,720 

11,370 

4,100 

14,990 

3,940 

Do. per motor 

Do. % of input . 

6,510 

2-8 

5,040 

2-6 

4,580 

2-96 

5,110 

4-4 

5,210 

2-25 

3,360 

2-2 

2,060 

2-1 

1 ,970 
3-4 
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Where only one motor is available from which, to deduce 
the characteristic curves, or where a suitable testing stand is 
lacking, the speed ^scurve should first be obtained by loading 
the motor on any ^achine capable of taking the load. Next 
the light running input should be observed at various excita- 
tions and the corresponding speeds, the resistance losses should 
be computed from the observed resistances, and after allowing 
for brush contact drop, the remaining losses — often classed as 
gear losses — should be estimated as a percentage from the results 
of other motor tests at corresponding loads. Thus an approxi- 
mate efiSciency curve is obtained from which with the speed 
curve, the tractive effort can be deduced. 

Losses. — ^Reverting to table 6, the fourth line from the 
foot of the table gives the no-load core loss in combination 
with the brush friction, windage, and armature bearing friction 
losses for the two motors. This is obtained when the motors 
have been removed from the testing stand by observing the 
power input to the armature of each motor, with the excitation 
of the efficiency test and at the corresponding speed, the motor 
meanwhile running light without the gears. If this q[uantity 
is also subtracted from the losses, the remainder comprises the 
load losses, the axle bearing and stand bearing losses and the 
gear losses. These have hitherto generally been reckoned as 
gear losses, although at the light load end of the curve the 
axle bearing losses are considerable ; and at the heavy load 
end the load losses. That the gear losses themselves are not 
nearly as largo as they are thus accounted is shown by the fact 
that the gears do not usually become very hot even after 
considerable running at heavy loads. 

Load and Geae Losses. — In order further to separate the 
losses, input-output tests may be made in the manner described 
above, but with the two armature shafts coupled together 
directly at their pinion ends by means of a flexible coupling. 
Proceeding with the calculation exactly as in table 6, sub- 
tracting from the total losses the resistance losses and Kght 
running losses, there remains the load loss. The difference 
between this and the gear and load loss together given at the 
foot of table 6, is the gear loss, including therein the axle 
bearing and stand bearing losses. The load loss is consider- 
able at heavy loads, particularly with the weakened field. The 
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direct-coupled stand may be employed for all load tests in 
which the gears are not important, and is particularly useful 
for the continuous heat runs from which the service capacity 
of a motor is estimated. A view of such a stand, having one 
motor and half -coupling in place, is to be seen in the middle 
distance in fig. 49. 

No-load Core Loss, ahd Friction’. — ^The no-load core loss 
is best determined by driving the motor at constant speed 
with its armature circuit open and with various exciting 
currents, a small auxiliary motor, having constant excitation, 
being used for the purpose of driving. The input to the small 
motor when there is no excitation of the main motor is sub- 
tracted from the input with excitation; and the result, with a 
small correction for difference of resistance loss in the auxiliary 
motor armature, gives the no-load core loss at the particular 
excitation and speed. If readings are taken for a number of 
speeds and results for each speed plotted against excitation, 
the core loss for any voltage and current can be deduced by 
cross plotting from the speed curve. The core loss test is a 
difficult one to make ; and the results are often disappointing. 
As the interest is generally in a type rather than in an individual 
motor the mean of several series of tests should be used. If 
on a particular motor the core loss is subtracted from the hght- 
running input the remainder is the friction loss in the motor. 
This will depend on the condition of the brushes, the brush 
pressure, the direction of rotation, and the lubrication ; the 
mean of the results from several motors should accordingly be 
taken and plotted against speed. The friction loss is, however, 
preferably obtained in a similar manner to the core loss, by 
subtracting the light-running input to the auxiliary motor 
alone from its input when driving the unexcited railway motor. 
It is necessary to separate the friction and core losses, for one 
of the chief purposes to which the results are applied is that of 
estimating the heating of the motors in service, and the two 
forms of loss accompany one another only during the time that 
power is applied, the friction loss existing alone whilst the 
train is coasting. Fortunately the friction loss varies approxi- 
mately as the speed, within the hmits of use ; being in the 
case of the motor of fig. 52 about 3-2 x r.p.m. watts. The 
mean friction loss in service is accordingly that at the mean 
speed. 
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The total motor loss can therefore be readily divided into 
the following elements : — (1) Copper loss, (2) Brush-contact 
resistance loss, (3) Core loss, (4) Load loss, (5) Brush friction 
loss, (6) Armature bearing friction and windage loss, (7) Gear 
and axle bearing loss. In obtaining representative values for 
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these losses it is not advisable to rely on a single series of tests 
on a particular pair of motors, for small errors in the readings 
or changes in the circumstances may lead to very wrong 
estimates of individual losses. Many tests are required to 
yield characteristic values, and if practicable these should he 
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made on a number of different motors. Rigs. 53 and 54 give 
segregated losses for the motor whose characteristic curves are 
given in fig. 52. The results are deduced from tests on a large 
number of motors and may be taken as representative of the 
t5rpe. The large load-loss when the motor is operating with 
weakened field is worthy of note, particularly as this is one of 
the losses tending to heat the motor, and accordingly one which 
affects its service capacity. 



Fig. 54. — G.E. 235 Bailway Motor, Losses, Tapped Field, 775 Volts. 


Rating of Motors. — For most classes of electrical machinery 
it is practicable to devise simple shop tests which shall enabl^ 
an adequate judgment to be made of the performance of the 
apparatus in service, and this not only as regards speed and 
dynamical characteristics, but also as regards heating and 
capacity for dissipating internal losses, features on which 
successful operation for protracted periods so largely depends. 
In the case of such machinery, the power rating, as deduced 
from the shop tests on a recognized basis of temperature rise. 
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is closely related to the service capacity, and when this rating 
is known a fair estimate can be made of the duty of which the 
machine is capable. The rating is therefore an important 
characteristic of such a machine, conveying, in concise form, 
much valuable information to those able to appreciate its 
significance. In the case of the motors employed for pro- 
pelling railway trains and tramcars, however, the rating is of 
small value, having little connection with the service duty ; 
for the conditions of service are very different from anything 
that can be realized in practicable shop tests, and it is difficult 
— one might say impossible — to correlate the operations which 
constitute service, with a definite power load to which the 
appellation '' rating ’’ can appropriately be applied. 

The duty of a traction motor in service consists of a series 
of quite irregular cycles normally constituted as follows : — 

(1) A period of acceleration at heavy current and partial 
voltage. 

(2) A period of running at full voltage, during which the 
car or train accelerates with decreasing current. 

(3) A period of running without power, during which the 
car or train decreases in speed. 

(4) A period of rest. 

The several periods vary between more or less wide limits, 
depending on the distance between stopping places, the time 
available, the load carried and the gradient profile of the road. 
The heating of the motor in service depends principally on 
two factors, viz. : — ^The average power loss in the motor itself, 
and the average power dissipated per unit temperature rise ; 
for a given motor the first of these is a function of the current 
and voltage, and the second usually a function of the train 
speed and of the armature speed, both having reference to the 
cycle of operation constituting the actual service. 

NoMnsTAL Rating. — ^The power rating of a traction motor, 
as usually understood, was formulated in the first instance by 
the American Institute of Electrical Engineers, and has been 
generally adopted. It has been rendered more precise by 
successive revisions, and now reads as follows : — '' The nominal 
rating of a railway motor shall be the mechanical output at 
the car or locomotive axle, measured in kilowatts, which causes a 
rise of temperature above the surrounding air, by thermometer, 
not exceeding 90^^ C. at the commutator, and 75 ^ C. at any other 
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normally accessible part after hour'H (’imiuuums run at if ^ 
rated voltage (and frequency in the ease of an altiTii.-ttinu 
current motor) on a stand with the iruifor (-(tvera arrangi-d tn 
secure maximum ventilation wit bout e.Kt<Tnal hlovver. The ri«e 
in temperature, as nuiasured by resislaiK-e, .nIiuH not cir.-ed 
100° C. The .statement of the nominal rut ini' dtidl al^o 
include the corre-sponding voltage and armature cpi-od. " 

It will be .seen that, whilst tin; service cfipacity, in limited by 
the heating, depends principally on the motor l.ma's and on 
the dissipative capabilities of tlie motor, both asiesMcti under 
service conditions, the ratcrl capacity depends principally on 
the motor loss during an artifii-inl run and on the rapjuaty for 
heat of the motor. In tin- rating test run, no very great 
proportion of the heat eseup«-s, most of it heing uwd in heiding 
themassof the motor; meri> iiuTease of mass, though it h>i\e 
no mechanical or electrical valm*. ami no elb-cf on the si-iv ice 
capacity, increases the rating, 'rite service capacity’, as 
measured hy the rlissipntion of heat, is increascr! very largely 
by allowing a free cireulatiou of nir through the motor, from 
the outside ; the current n*qnired to give 7r» t*. rist< iji a one 
hour’s run however vark's hut a few Hni|ieres wlu’ther the inottir 
be entirely closed-in or nrningeil to permit fm* orculafion of 
the outside nir. It is (dear therefore tliat there is no jetaiiosj 
between tin; nominal rating and the siuvice ciipjicily , the 
two are functions of difleretit factors, and are not eompai 
able. 

In the early days of electric traction, when the itomiiml 
rating was first formulatial, a traction mofnr was understood 
as a totally (mclosed continuous current series motor of sodm' 
20 to 40 hor.se-power noniinnl rating, designed and f<onstiucfed 
for propelling a tramcar. With lliese limitations there was 
no large margin for variation, and although surprising results 
in the way of temperature ri.se in service were orsurHiomdly 
remarked, there was rett.sonnt»le expectation that irrotorn of 
equal rating and similar dynamit-nl chHracteriHtics wtudii he 
capable of equal servirte, and that the %veight of car which a 
motor could profad in a given service would he roiigidy {>»■“ 
portional to its rating. It wa,H soon apparent, however, that 
rating and servict' caftfreity did not go hand itt hand As 
motors increased in power, flu* weight increased at a grcali r 
rate than the dissipating surface, and thus the service cajaw tty 
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by comparison fell behind the rating. The commutation limits, i 

moreover, which were of course set with the service, rather than | 

the rating in view, caused a reduction in the accelerating I 

current by comparison with the rated current. Thence arose i 

the practice among manufacturers of assessing the rated power 
of the larger motors at a figure considerably below the nominal 
rating, more, that is, than was necessary to allow for differences 
between motors of a type. Thus the G.E. 69 motor used so 
extensively on the Underground Electric Railways of London, i 

rates strictly at something over 240 horse-power at full voltage. f 

It was, however, rated commercially at only 200 horse-power, 
this figure representing approximately its service capacity as 
compared with other motors of similar type. Similarly the 
DK-4A motor used on the Liverpool-Southport line is rated 
at 150 horse-power, although its nominal rating is stated to be 
about 190 horse-power. Since these motors were produced, 
however, large changes have taken place in motor design ; 
the interpole has permitted a wide extension of commutation 
limits, whilst improved methods of ventilation have very 
much enhanced the capacity of the motor for dissipating heat. 

As a result of these improvements, recent motors show greatly 
increased service capacity as compared with rating, and 
frequently employ an accelerating current much in excess of 
the rated current. The maximum load permissible for short 
periods is indeed now determined rather by the area of brush 
contact than by the heating of the motor. Of recent years 
also the alternating current railway motor has come into 
being, and this again having quite different thermal character- 
istics from the continuous current motor, does not accord 
with the latter in the relation of rating to service capacity. 

The comparison of traction motors on the basis of their nominal 
rating is now therefore, more than ever, misleading, and no 
significance should be attached to this rating, other than is 
contained in its definition. 

Determination of the Heating of Motors in Service. — ! 

The heating of a railway motor in service, or even in closely 
specified service tests, is not susceptible to very accurate 
estimation on account of the number and uncertainty of the 
factors affecting the results ; and no single figure is adequate i 

to express the service capacity of the motor. If' a standard 
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schedule could be devised and arranged to be run in a certain 
manner, the weight of train that a motor would carry con- 
tinuously through the schedule with a definite temperature 
rise might be taken as a measure of its capacity. The com- 
mercial determination of this capacity would, however, be 
impracticable ; and moreover motors compared on the 
standard schedule would not necessarily preserve their 
relative capacities on other schedules. No pretension is made, 
therefore, to expressing the service capacity of a motor by a 
single figure ; but in practice curves are obtained from which 
the heating in a specified service can be deduced wdth a fair 
degree of accuracy. The tests from which these curves are 
computed consist of a series of continuous heat runs, that is to 
say, heat runs continued at uniform input until the temperature 
is constant. These are best made on a direct-coupled testing 
stand with the motor arranged, as regards ventilation, as it is 
to be employed in service. The voltage and current are 
selected to give a temperature rise of armature as measured 
by thermometer, of the order of 75° 0., and at the same time to 
give a suitable armature speed. A number of such runs are 
made, at different armature speeds, corresponding to the whole 
range of average armature speed, that may occur in service. 
When the temperature has become steady, readings to deter- 
mine the losses in the motors when under the load should be 
taken, just as in the efficiency test. Immediately after the run, 
both machines are opened and temperatures are taken of field 
coils, armature surface, commutator, frame, and surrounding 
air, whilst resistance measurements are made of the several 
circuits of the motors. 

Losses Involved in Thermal Capacity Tests. — ^Hitherto 
it has been deemed sufficient in making an estimate of the 
losses tending to heat the motor, to include only resistance 
loss, no-load core loss, and friction loss ; the latter loss 
being computed as brush friction alone, since this, the 
dominant factor, is approximately calculable. The load loss 
and windage loss are accordingly neglected, and the bearing 
loss is considered capable of dissipation without heating vital 
parts of the motor. As long as motors are similar in the matter 
of the ratio of the losses neglected to those included, and as 
long as the losses considered in using the data are the same as 
those considered in obtaining it, this procedure does not lead 
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to large error. It has, however, been shown that under certain 
circumstances, the load loss becomes quite appreciable, and 
since this varies with the excitation, its neglect may give rise 
to inaccuracy in a result. On grounds of correct scientific 
method, moreover, it is advisable to assemble and use data on 
a true, rather than on a fictitious basis, for only thus can 
comparable results be anticipated. The losses which result 
in the heating of a motor can very readily be measured, during 
the heat run; whilst the corresponding losses pertaining to 
the conditions of actual service are, as explained above, 
determinable with equal facility by means of special tests. 

Thermal Dissipation Curves.— The results of the set of 
continuous heat runs are best presented in the form of a thermal 
dissipation curve, giving the total watts loss per degree rise of 
temperature plotted against armature speed as abscissa, this 
being the chief variable on which the motor temperature for a 
given heat dissipation depends. Points on the curve may be 
deduced from the readings both for the motor and the gen- 
erator ; and, in the author’s experience, these are generally 
found in close agreement. The temperature used in deducing 
the thermal dissipation curve is the highest recorded temperature 
as measured by thermometer, and this is generally an armature 
temperature. A separate curve may, if desired, be obtained 
corresponding to temperature by resistance, but usually thin 
does not show quite the same consistency as the other, for, the 
resistances being small, their accurate mcasurexnent under 
ordinary test conditions is somewhat difficult. Fig. 55 gives 
the thermal dissipation curve for the motor wliosc dynamical 
characteristics are given in fig. 52, under the conditions of 
ventilation that would be used in service. The motor has 
series fan ventilation ; a totally enclosed motor would show 
much less variation in dissipation with armature speed. In 
computing the curve of fig. 55, the losses determined by direct 
test have been employed. The data for obtaining these losses 
are given in fig. 66, and this, or equivalent data, should be 
employed in making use of the dissipation curve. 

If from such data as are given in fig. 56 the losses correspond- 
ing to any definite load be deduced, the temperature resulting 
from continued operation at that load on the testing stand is 
given by the dissipation curve of fig. 55. Moreover, since the dis- 


200 


RAILWAY MOTORS 135 



o 

o 

10 


o 1/3 
O 

K> ac 


S 

< 


o 

o 

CM 


o 

o 


o 




(M yA 


95 


o iz 
o 
o 






136 RAILWAY I?LR(TIU<! TUACmOX 

sipation curve, when plotte<i against spet^i is scuisihly aKtraight 
line, if the load paHses tlirough cyc^Iieal changes, the* niean 
dissipation is tlu^ dissipatitai at tin* nicaii speed, and it in 
accordingly pennissihle to (unploy the saint* tlissipafion tnirve 
for such cycles of load us occur in service*. In oriler to deter- 
mine the Vmperatun* rist* of tin* niotcu’ in a given service, 
however, it may ht* n<*e(‘Hsary to apply a cauTtad-itm factor to 
allow for th(‘ diflVrcnce Iietwtam tlu* heating on the testing 
stand and the luxating in stuwiee. It is fortunate that this 
correction can la* found onet* fta all frtan tests f*n any motor 
of the gtmeral typt*, witlamt refen*nei» in the paiiieutiir ttt‘sigri, 
for the tests ntaa'ssary to determine it are diflieult and expen- 
sive. A length of track is napiireil on uliieh definite seliedules 
can he run on still dry days until motor tmupm-ntureH laa'ome 
constant. By m(‘ans of suitahh* recording instruments the 
voltage and (‘urrent at all times can he found ; and from theme 
the loss in the motor (oin la* dedueesL ami the watts dissipated 
per degree rise of t(*mperat ure detf‘rmined. Ylie temperature 
rise for a givcm hms may l*e e.xpeeted to lie hnvi*r in service 
than on the testing stand, on aecount of the eooling of the 
franum. The ratio of tin* temperatun* rise in service in the 
corresponding figure obtained from stand fents for tlie same 
motor with the saim* losses, at the Hume mean iirniitturf* speed, 
givem a “ seheduh* facdor/’ whieli may !«• applied to any 
motors of the saim* geac*rai typiv 

ScMiKorLK Faitoh Kon Km'i.oseo ,\1o roles. Tin* sidiedulii 
factor is, how'(*vei\ only of impoiianee in the ciini* of lotiilly 
enclosed motors, for whadi the etaTeidioii he eoiisideriilile. 
It usually 1h*h, indeed, between and Ho |tt:*r eeiit., the low’er 
figure corresponding to the higher Hcliialiile sp-eeiL It is, 
however, not strictly the same at the same speed for nil tnoiors 
of a given typi^ ; for the heat- dissipatefl from n intiiily eiicloMecl 
motor depends on general tmiiperutiiri* of the friiiriin 
whereas the scli<*«lule factor i*orre<d.ioit is bused on nriiiuliire 
temperatures. Accordingly, ii second eoairdiiinte ih. refjtilrecl 
to express the results pniperly, and this iiifiy liifceii ii« the 
ratio of the frame tmnjierature risit to tin,* iiriiiiiiiire tern|M.*raiiira 
rise as determined in the Htand tesis. Thf* rat in lit^iJiirids on 
the size and design of the motr^r, and on tfie urniutiire ,ii|M*efl a» 
well as on. the g(!n(?ral iirrangeiiieiit f«ir mnmhimg tfie tilr 
inside the motor. Howiwer this is a refiiirfiieiii tin* ini|icirt- 
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ance of which has disappeared with the practical supersession 
of the totally enclosed motor. 

Schedule Pactor eor Ventelated Motors. — ^Ventilated 
motors, having a through draught of air, although doubtless 
affected by dissipation from the frame, have most of the heat 
carried away by the draught, and are moreover subject to 
other influences, beside which the effect of this dissipation is 
negligible. It would appear that the wind, combined with the 
motion of the train, is generally able to interfere with the 
draught, and so to stall it that some of the motors run some- 
what hotter in service than would be expected — others running 
cooler. Altogether there is less consistency between service 
temperatures of ventilated motors than in the case of totally 
enclosed motors ; and the maximum temperature found for the 
hottest motor of a train may be even higher than that found in 
the stand test for the same losses. It is accordingly not expedient 
to apply any correction factor to allow for heat dissipated by 
the frame in the case of such motors ; but to take the results 
of stand tests as applying approximately to service conditions. 

Limitations of Theory. — In such a subject as this it 
should be understood that no workable theory could possibly 
take account of all the circumstances ; and whilst the above 
may be useful as a guide, in that it takes account of the 
principal influences, it must not be expected to give other 
than approximately correct results, even when special cir- 
cumstances are absent. As a matter of fact special weather 
conditions, such as wind and rain, generally have the 
effect of cooling the motors, particularly if these are enclosed, 
and are of little interest inasmuch as the highest temperature 
likely to be attained in normal service is the usual objective 
of investigations in this subject. 

The Heating of Motors in Service. — The above methods 
are capable, if used with judgment, of giving motor tempera- 
tures fairly in agreement with the results of carefully executed 
service tests ; but actual service is usually affected by a number 
of circumstances which it would be impracticable to cover in 
such tests. It has already been shown that the size of the 
wheels which a particular motor drives affects the proportion 
of the load carried by the motor, and thus affects its heating. 
In addition to this the differences between motors may cause 
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variations of temperature of a few degrees from the standard. 
Inefficient driving also has the effect of heating the motors 
abnormally. Signal-stops and delays of any kind which 
necessitate the making up of time are fruitful causes of high 
temperature, and of course excessive weight of train, which the 
exigencies of the traffic sometimes impose, has a similar effect. 
The gradients on certain sections of a railway may be generally 
adverse, and excessive train resistance, whether in the train 
itself or arising from external causes, is likely on occasion to 
increase the temperature of the motors. Altogether it is not 
good practice to choose a motor which in normal operation is 
estimated to reach a temperature near to the hmit which the 
insulation will stand continuously, and in these latitudes an 
armature temperature rise of about 65° C. usually strikes a 
good balance between excessive weight and initial cost of motor, 
with the concomitant increased energy consumption on the 
one hand, and excessive maintenance cost on the other. 
Certainly there are operators who prefer to face frequent re- 
winding of armatures for the sake of low equipment weight 
rather than carry greater weight in order that re-winding may 
not be needed oftener than every eight or ten years, but general 
good practice favours more moderate temperatures, less on 
account of expense of maintenance, which may in fact be offset 
by other saving, than because of the risk of having the motors 
break down in service, which may result in considerable direct 
or indirect loss. There is usually less justification for requiring 
the temperature in service to be abnormally low, for the possible 
saving in maintenance expense is negligible ; whilst the greater 
weight to be carried about is a constant source of expense. It 
is the realization of this latter fact which constitutes the chief 
claim of the motor having a definite circulation of air from 
outside. Such a motor for a given service can be designed 
to be lighter than the totally enclosed motor without sacrifice 
of qualities which make for low maintenance and operating 
cost, and the engineer with a fuU knowledge of the problem 
would hardly now consider the totally enclosed motor for any 
service in which the weight of equipment is a matter of moment. 
In view of the space limitations, and the cost of carrying 
additional weight, it is considered good practice to operate 
railway motors at higher temperatures than is advisable in 
stationary motors. The insulation of these motors is usually 
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of such nature that the so-caUed '' hot spot ’’ temperature may 
he assumed as high as 140° C., or even higher, and whilst the 
armature temperature, as measured by thermometer, may be 
considerably lower than this, the exigencies of abnormal 
service do not usually require the normal service rise to be less 
than 65° C. The above remarks apply particularly to the 
geared motor ; for the gearless bipolar motor is usually 
allowed to run somewhat hotter in order to permit of reduction 
in the weight of the armature. 

Importance of Thermal Characteristics. — The con- 
sideration of the heating characteristics of a motor is quite as 
essential in the deteimination of its possibilities for service as 
that of the dynamical characteristics ; and in fact the heating 
in service is usually made a limiting feature in the design. It 
is a matter involving considerable labour to determine, even 
approximately, the temperature rise of a motor of Imown 
thermal characteristics in any given service ; but it is necessary 
labour and is amply repaid if it leads to a choice of motor which 
is neither inadequate nor excessive. 

Tapped Field Motors. — It is now fairly common practice 
to make railway motors having their exciting field coils in two 
or more sections, and to arrange the control so that sometimes 
part and sometimes the whole of the field is used. The motor 
is started with full field and when the rheostat has been cut 
out of circuit the field is tapped, thus giving increased speed 
to the motor. This is undoubtedly a valuable provision in its 
place ; but it is not in every case worth the extra complication. 
The matter is easily misrepresented, particularly as in tapped 
field operation it is usually sought to work a motor near to the 
limit of desirable peripheral speed. By making comparison 
with the same motor used with full field, thus using a smaller 
ratio of gear reduction in order to give the same maximum 
train speed, it is possible to show considerable saving in energy. 
One advantage of the system, indeed, is that it sometimes 
permits of a better showing being made with a particular motor. 
If, however, it is adjudged desirable practice to run to a certain 
armature speed, advantage from running to this limit will 
accrue whether tapped field operation is adopted or not, and 
if motors are compared which are designed to run at the same 




140 EAILWAY ELECTRIC TRACTION 

limiting armature speed for the same limiting train speed, thus 
having the same ratio of gear reduction, the advantage from 
tapped field operation is small, as regards saving of energy. 
Of the two motors, that designed for tapped field operation is 
usually somewhat the heavier, whilst several extra contactors 
are required to control the operation. Thus the equipment is 
a little heavier, more costly, and more complicated ; whilst 
the saving in energy per train mile is small, although quite 
appreciable. The cases in which tapped field operation can be 
justified on account of saving in energy are comparatively few, 
provided motors are designed for the service required, and a 
claim of unduly low energy consumption for such motors 
should be subjected to scrutiny in order to determine whether 
it conceals risks that ought not to be assumed. Although the 
provision is, in many cases, hardly worth the complication in 
urban service, there is considerable scope for tapped field 
operation in high speed service with few stops. Here it is a 
distinct advantage to be able to vary the power at a given 
speed in order to meet the requirements of variation in train 
resistance due to wind, varying weight of train, or other cause. 
Considerable power is required at high speed, for the power is 
jointly proportional to the speed and the train resistance. On 
the other hand, very rapid acceleration is unnecessary, and it is 
particularly undesirable to continue the acceleration to a high 
speed on account of the high peak of power taken. A very 
satisfactory method of control for this class of service is 
accordingly obtained by accelerating on resistance at full 
field, then weakening the field until the desired speed is 
obtained with sufficient power to carry the train. With this 
method of operation the peaks of power are kept relatively 
small, a matter of considerable importance in all but heavy 
suburban services, where the substation load is equalized by 
the large number of trains running. It may here be advisable 
to show why the field is weakened by tapping rather than by 
shunting. This is because with shunted fields any sudden 
change in voltage, such as occurs, for instance, when the circuit 
is broken and re-established at a section insulator, causes the 
variation in current to evade the field and pass through the 
shunt — a condition very severe on the commutator and liable 
to cause a flashover — ^unless the shunt is so highly inductive 
as to have the same time-constant as the field. 
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Regeneration. — ^It is sometimes, particularly on hilly 
routes, very desirable to be able to use the train motors as 
generators to feed back energy to the line and at the same time 
limit the speed of the train on down-grades. Various schemes 
for regeneration have been proposed and tried ; but they have 
generally employed the motor as a shunt generator, to which 
there is the same serious objection as has been shown to exist 
to the use of the shunt motor. The chief requirement in 
regenerating, as in running, is that the field current shall always 
vary with the armature current in such manner as to oppose 
the rise of the latter. A very satisfactory way of effecting 
this in the case of a locomotive is shown diagrammatically in 
fig. 57. The field of the motor is kept in series with its 
armature ; but at the 
same time is separ- 
ately excited from a 
small generator speci- 
ally provided for the 
purpose, and driven 
by a motor from the 
line, or in other suit- 
able manner. This 


fmp- 


-TnnRTL^ 



Fig. 57. — Connections for Regeneration. 


generator is excited by means of a shunt field, whilst the main 
current is caused to pass through series coils on the field in such 
direction as to oppose the shunt excitation when regenerating. 
The effect of this is that the fields of the motors are not rigidly 
excited but vary in such manner as to oppose variation of 
armature current. In operation the regenerated current on 
any braking notch varies until a certain speed is reached, 
determined by the shunt excitation ; and the motors may 
then be taking power or delivering it according to the needs 
of the train as affected by the gradient. Regeneration by the 
separate excitation of the motor fields is not new, but the 
features which render the above system of commercial value 
lie in the controlling devices which safeguard the motors so as 
to secure their satisfactory operation. 


Flashing at Commutator. — The phenomenon of flashing- 
over at the commutator as met with in railway motors, arises 
chiefly from the exacting nature of their conditions of opera- 
tion. The motors are usually designed with such stability 
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that it is almost impossible to flash them over on the testing 
stand. With the motor running at any service speed, indeed, 
it may be found quite feasible to interrupt the current for two 
or three seconds and re-establish it suddenly by applying full 
voltage to the terminals. In fact the flicker taking place at 
the brushes may under this test be barely perceptible, whilst 
double voltage can generally be thus thrown off and on without 
flashing the motor over. The same motor, however, may be 
found to flash over readily in service, quite apart from any 
defect such as would cause a large rush of current to the 
armature only. There are of course defects in a motor, such as 
high bars or loose commutator, which tend to cause flashing, 
but it indicates poor workmanship to find these sufficiently 
serious to give trouble on the testing stand at normal voltage. 
The cause of flashing may be anything able to raise the brush 
from the commutator for an instant while it is carrying current, 
and the chief cause is undoubtedly roughness of the track. It 
is a matter of common observation that flashing usually takes 
place at high speed, that is, when an irregularity, such as high 
rail joint, gives a considerable blow to the wheel. Mr. Priest 
has recorded * that motors are more likely to flash over when 
on a frozen road-bed and attributes this to the greater rigidity 
of the unevenness of the track. It is found moreover that a 
motor is more likely to flash over in service when running 
ahead of the axle than when the axle is ahead of the motor — 
that is, the motor on the second axle of a truck is the more 
likely to give trouble. There are possibly two reasons for 
this. In the first place, with the motor on the second axle, 
the pinion tooth, when driving, is above the gear-tooth ; and 
accordingly an upward blow given to the wheel is transmitted 
immediately to the armature. With the motor on the first 
axle, however, the pinion tootli is below the gear-tooth, and a 
blow on the wheel has to take up the clearance between teeth 
before it can affect the armature. In the second place, the 
ordinary motor is constructed so that, when facing the axle, 
the commutator and pinion ends are respectively on the left 
hand and riglit hand sides, so that flashing over is more likely 
to take place when the motor is rotating in a clockwise direction 
as viewed from the commutator-end. Many motors are con- 
structed with one brush box at the highest point of the com- 
^ Gemral Electric Review, Nov-, 1913, vol. 16, p, 615- 
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mutator and one at the right hand side. Since, however, the 
latter can hardly be affected by a blow on the wheel, the 
flashing is likely to start at the former ; and, when the rotation 
is clockwise, the arc is carried by the shorter path between the 
brush holders, thus having a better chance of establishing a 
short circuit. Mr. Priest has made the observation * that if 
the positive brush is jerked away from the commutator as 
little as a hundredth part of an inch a flashover is likely to 
occur ; but the negative brush may be jerked off several times 
as much without greater likelihood of flashing. If, accord- 
ingly, the motors are so connected that the top brush is always 
negative when the rotation is clockwise, the chances of flash- 
over are minimized. A contributory cause tending to make 
a motor liable to flash over is too low a brush pressure, since 
this allows the brush to be raised from the commutator too 
easily. Unsuitable brushes again may cause the trouble, 
those containing a large proportion of natural graphite, although 
usually giving a good surface to the commutator, being more 
likely to lead to flashing than dense brushes composed prin- 
cipally of graphitized gas carbon. 

High Voltage Continuous Current Motors. — Continuous 
current motors for high voltage have not hitherto differed in 
general design from those for lower voltage. The number of 
commutator bars is increased so as to make the volts per bar 
about the same as has been found good practice at lower 
voltage. The flashing and creepage distances are increased, 
the commutator cones, with their insulation, being made to 
project farther from the commutator ; whilst the thickness of 
insulation to ground is of course everywhere increased. High 
voltage continuous current motors are often wound for a half 
or even a smaller fraction of the line voltage, and run two or 
more in series, being of course insulated for the full line voltage. 
Thus the motors of theC.M. & S.P. locomotive of fig. 197 are 
run two in series on 3,000 volts, whilst those of the locomotive 
of fig. 198 are connected at least three in series for the same 
voltage. The highest voltage for which motors have been 
wound for commercial operation appears to be 1,750 volts, 
for use on a 3,500 volt line, but experimental double armature 
motors have been made to run at 2,500 volts per motor. With 

* Ibid. 
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motor follows the lines of the stationary motor, but includes 
those features of rigidity of binding and robustness of structure 
which have been found necessary from experience with the 
usual types of railway motor. Such motors are used on the 
Pennsylvania Railroad locomotive of fig. 204. 

The Single-phase Motor. — The single-phase commutator 
motor, as a later development, naturally contains many of 
the constructional features suggested by experience with the 



AMPERE.S 

continuous current motor. When made for gearing to a 
driving axle it has a cast steel frame, which, however, now 
serves no purpose in the electrical design, and is therefore 
perforated for the sake of lightness. This is freq[uently split, 
the alternative being to have a very large frame head aper- 
ture at one end for the purpose of allowing the introduction 
of the field laminations. The field winding is in part at 
least distributed in slots in the laminations. The armature 
is generally similar in appearance to that of the continuous 
current motor, though the commutator is usually larger and 
the number of segments greater, whilst the slots are often 

n 
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partially closed. It is moreover usually of the multiple 
drum type and provided with equalizers. The brushes are 
much more numerous than in the case of continuous current 
motors, there being usually a brush holder for each pole, and 
in some types of motor intermediate holders in addition. The 
air gap is smaller than in the continuous current motor, being 
the result of a compromise between the designer, who is 
hampered by the necessity of keeping down the exciting field 
turns, and the operator who desires as large a gap as is practic- 
able for mechanical reasons. It is with the object of bringing 
the equivalent gap as nearly as possible to the dimensions of 
the mechanical gap that the slots in stator and rotor are often 
partially closed. 

Single-phase commutator motors may be divided into two 
general classes, viz. series motors and repulsion motors. The 
series motor is an adaptation of the continuous current series 
motor to the requirements of alternating current operation. 
It is in the main of one type, with a number of minor modifi- 
cations, principally in the means adopted to secure satisfactory 
commutation. The repulsion type includes the repulsion 
motor proper with the Latour and Winter-Eichberg motors, 
the Deri motor, and other modifications involving the same 
principle. The main distinction between the two types, from 
the operating view-point, is that whereas the repulsion type 
works satisfactorily from a certain comparatively low speed to 
about synchronism, above which speed the difficulties of com- 
mutation increase, the series type works best from about 
synchronism upwards. All single-phase commutator motors 
are compensated in the sense that both field and armature 
carry distributed windings such that the fluxes due to the 
currents in them neutralize one another in so far as they are 
co-axial. Every such motor has, or may be considered to 
have, three windings, viz. an exciting winding, an inducing 
winding, and a compensating winding. 

The compensated series motor is represented diagram- 
maticaUy in figs. 61, 62 and 63, in which the inducing winding 
I, is on the armature, whilst the coaxial compensating winding 
C, having the same magnetomotive force as the armature 
winding, together with the quartered exciting winding E, are 
on the stator. In fig. 61 the compensating winding is connected 
directly in series ; in fig. 62 it is short-circuited on itself, 
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Fig. 63. — Compensated Series Motor, Fig. 64. — Repulsion Motor. 
Induced and Shunt Compensation. 



Fig. 65. — Repulsion Motor. Fig. 66. — Winter-Eichberg Motor 
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and excited by induction from the armature ; in fig. 63 the 
compensating winding is given an additional excitation in 
shunt with the motor in order to assist commutation, as will 
be explained later. The simple repulsion motor is represented 
diagrammatically in fig. 64 or in the equivalent form of fig. 65. 
Here the armature brushes are short-circuited, the armature 
current being induced by the field I. The torque per ampere 
can be varied by shifting the brushes, that is by varying the 
ratio between exciting and inducing field-turns. In the 
Latour-Winter-Eichberg motor (fig. 66) the main armature 
brushes are also short-circuited and the coaxial inducing wind- 
ing is as in the simple repulsion motor, but the cross exciting 
field is produced by a series current fed to the armature through 
quartered auxiliary brushes. The Alexanderson type has the 
repulsion connection (fig. 65) for starting ; but is a series 
motor of type fig. 63, when the period of initial acceleration 
has been passed. 

Commutation in Continuous Current Motors. — ^The 
chief difficulties of design of the single-phase commutator 
motor centre about the problem of commutation. In the 
continuous current motor the field due to the armature current 
is practically a stationary one, for as the armature in revolving 
carries its field round, the commutation of the current keeps 
restoring it, and the combined effect is that of a stationary 
field. Without interpoles therefore the e.m.f. in the short- 
circuited coil is the same as if the armature conductors were 
cutting the armature field. If therefore interpoles are 
provided which furnish a line of force through the short- 
circuited coil to replace each one taken out as the coil cuts the 
armature field, the reversal takes place non-inductively and 
without e.m.f. in the coil. The commutating field has accord- 
ingly to neutralize the armature field at the level of the 
armature conductors (including slot field as part of the armature 
field). The commutating field winding is required to provide 
a little greater magnetomotive force than the armature, in 
order that it may neutrahze this at the level of the armature 
conductors. In railway motors the excess is usually between 
15 per cent, and 25 per cent., but if the motor is satisfactory 
for its purpose a very exact adjustment is immaterial, and no 
perceptible change in the commutation can be detected with 
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Shunt Commutating Coils. — ^The e.m.f. in the short- 
circnited coil is in quadrature with the exciting field ; and a 
commutating field to he effective in neutrahzing the induced 
e.mi. by the motion of the conductors must accordingly be in 
quadrature with the main field. This is obtained in the series 
motor by exciting the commutating field in shunt with the line 
as shown in fig. 63^ in which the shunt excitation is impressed 
as part of the compensating winding. A similar expedient 
is adopted in the Alexanderson motor. 

Influence oe Commutating Defeioulties on Design. — 
In the single-phase motor, then, it is necessary at times, and 
particularly at low speed, to put up with worse commutation 
than would be tolerated in the continuous current motor ; 
but there is a limit to this, and it is accordingly necessary also 
to work with lower flux per pole than would otherwise be 
desirable, in order to reduce the e.m.f. in the short-circuited 
coil. The product of the total flux and the ampere-conductors 
on the armature is, however, a measure of the torque, which 
must be considered to be prescribed. Hence the tendency is 
towards a large number of poles, and a large number of arma- 
ture conductors, whilst it is expedient to employ lower starting 
torque than might otherwise be considered desirable. With 
large ampere-conductors, however, either a large diameter of 
armature must be permitted or a greater density of conductors 
than the best practice would approve. 

The greatest permissible e.m.f. in the short-circuited coil is, 
according to Mr. Lamme, 6 to 8 volts if resistance leads are 
used between armature coil and commutator, and about a 
half of this if these are dispensed with. But this e.m.f. 
approximates to, and is in fact usually somewhat greater than, 
the volts per commutator bar at full voltage, although it is 
less than a half the hmiting figure which experience has 
evolved for continuous current motors. Hence the tendency 
is towards large commutators, with a large number of bars 
and low armature voltage. These motors are usually designed 
for an armature voltage of from 200 to 300 volts, and the limit 
is imposed by considerations of practicability rather than of 
desirability. 

The reactive voltage of the motor is practically the exciting 
field voltage ; and accordingly this voltage must be kept low 
in order to reduce the wattless component of the current. 
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The field voltage varies as the number of poles, the turns per 
pole, the flux per pole and the frequency. With the product 
of the number of poles and flux per pole determined by the 
torque, and with the frequency prescribed, the reactive 
voltage can only be kept low by keeping the exciting turns 
low for the flux required, that is by employing a small air gap 
and working at low saturation. Compensated series motors 
usually have some 20 per cent, to 25 per cent, of the number 
of exciting turns that would be used on continuous current 
motors of like capacity and voltage. The reactive voltage 
also clearly limits the possible capacity of the motor, parti- 
cularly when the power voltage is limited by considerations of 
size of armature. It should be noted that both the e.m.f. 
in the short-circuited armature coil and the reactive com- 
ponent of the voltage vary as the frequency ; and accordingly a 
reduction in frequency eases the difficulties of satisfactory design 
throughout. 

Limitations of design may be inoperative over certain 
ranges of speed or capacity and be felt keenly over other 
ranges. The requirements of railway work may indeed make 
the limitations of design of the single-phase commutator 
motor so oppressive at ordinary frequencies, that sacrifice of 
valuable features is inevitable, and reduction of frequency to 
15 or 16 cycles is practically imposed if the motor is to be 
considered seriously for the work. When however to the 
natural limitations of design, are added restrictions, requiring 
the motor to work in approximately the same space as the 
continuous current motor of equal capacity, the difficulties 
of the designer are further increased and the wonder is perhaps 
less that the motor has been found wanting in features generally 
considered indispensable, than that so successful a compromise 
has been devised to meet such exacting conditions. 

In starting the single-phase commutator motor it is necessary 
either to use a very weak field, with consequent low torque 
per ampere, or to employ a stronger field and resistance leads 
between commutator and armature coil. Resistance leads 
are generally designed to reduce the induced current in the 
short-circuited coil to approximately the same value as the 
load current, a condition which results in minimum commuta- 
tion losses. The resistance required in the leads is usually 
four or five times the resistance of the coil and brush contact.^ 
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Resistance leads are most necessary in motors which may be 
called upon to start heavy trains, in which accordingly the low 
speed period may be unduly prolonged, and the starting torque 
required, high. Where however conditions are less exacting 
and the period of acceleration is short, an inferior initial 
commutation may be tolerated. When resistance leads are 
not employed the initial acceleration is usually effected by 
using a field sufficiently weak to avoid excessive e.m.f. in the 
short-circuited cod ; and at the same time employing a very 
heavy armature current to obtain as high a torque as practic- 
able in the weak field. This of course causes larger loss in 
the motor than when resistance leads and more normal currents 
are used. In the Latour-Winter-Eichberg system, the motor 
is started with comparatively high voltage on the stator and 
low voltage on the auxiliary brushes, which in this system 
correspond with the exciting field terminals. As the motor 
gains speed the auxiliary voltage is raised, the accelerating 
current being at the same time kept from faUing unduly by 
increase of stator voltage. The Alexanderson motor possesses 
several features of interest. The armature is wound with a 
short pitch winding, commutation taking place in the fringe 
of the exciting field ; and this requires the compensating 
winding to extend only over the pole face. The compensating 
winding has double the number of turns of the armature, so 
that when, in starting, it is acting as the inducing winding it 
causes an armature current to flow of value double that taken 
from the line ; thus furnishing the required large starting 
torque with comparatively weak field. Of course any other 
ratio than two between compensating turns and armature 
turns may be employed if desired. When the motor has been 
started as a repulsion motor, the series connections are made 
and the distributed stator winding is then used as a short- 
circuited compensating winding ; but since, as in the ordinary 
series motor, this winding is able to act as a commutating 
winding also, it is given an auxiliary excitation in shunt with 
the motor, thereby effecting its purpose in the manner explained 
above. Experience indicates that the repulsion type of 
motor is inferior to the series type for general railway work, 
though its commutation is somewhat superior at low speed ; 
and Alexanderson’s modification in combining desirable 
features from both, those of the repulsion motor for starting 
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and those of the series motor for running, would appear 
to have advantages over the ordinary compensated series 
type. 

Dynamical Characteristics of Single -phase Railway 

Motor, — ^Dynamical characteristic curves of a typical single- 
phase motor are shown in fig. 67. The changes produced in 
these characteristics by variation in gear or size of wheel 
present no difficulty, but these due to variation in voltage 



amperes 

Fig. 67. — Dynamical Characteristics of Single-Phase Railway Motor. 

79/34 gear, 63 in. wheels, 300 volts, 25 cycles. 

are a little more involved than in the case of the continuous 
current motor. In the compensated series motor, if curves 
for voltage v are given, and if for current c the power factor 
is Jfc, then Tcv is the power component and vV (I — the 
reactive component of the voltage. The latter quantity is 
independent of the apphed voltage, so that if the speed is 
required for voltage v' and current c, ¥ being the corresponding 
power factor : — 
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or 

a/ ^2^2 

v' 

If the resistance of the motor is r : 

Speed at voltage v' and current c k'v' — cr 

Speed at voltage v and current c hv — cr 

These equations determine the power factor and speed ; whilst 
the tractive effort is sensibly independent of the voltage. The 
eflEect of change of frequency on speed can be determined in a 
similar manner, for the reactive component of the voltage is 
proportional to the frequency. 

Variation of Power with Speed. — ^The power of the 
single-phase commutator motor varies much less with speed 
than that of the continuous current motor, a feature which 
makes the former type less suited for service in which a high 
rate of acceleration is desirable. Its dynamical characteristics 
in fact approximate to those of the steam locomotive, being 
well suited for long distance work in fairly level country, but 
showing to less advantage where gradients are severe or 
stoppages frequent. A consequence of the comparative 
uniformity of the power input of the single-phase motor — a 
feature readily noticeable in service records — is that the effect 
of gradients on speed is more marked than in the case of the 
continuous current motor. For example, comparing the 
motors of figs. 44 and 67 and supposing them hauling such 
trains as would make the maximum speed reached on level 
track, say, 45 m.p.h. in each case : if each train strikes such a 
gradient as requires the tractive effort to be three times as 
great as that at free running speed on the level, the continuous 
current train slows down to 29 m.p.h., or by 35*5 per cent., 
whilst the single-phase train slows down to 25*5 m.p.h., or by 
43*5 per cent. 

Heatino. — ^The heating of single-phase locomotive motors 
presents no peculiar features other than that from the large 
amount of heat to be carried away it is generally impracticable 
to dispense with forced draught. When the motors are carried 
on the axles, however, the heat is necessarily so localized on 
account of undue density of armature conductors that if 
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employed in heavy service large maintenance charges must 
usually be faced. 

The single-phase commutator motor requires the following 
conditions to render it suitable for railway work. In the first 
place, the frequency should be low : the accepted compromise 
in this respect is about 15 cycles ; for below this the trans- 
formers become unduly heavy and the separate pulses of power 
are felt unpleasantly, whilst above it the difficulties of design 
of the motor become onerous. In the second place, the motor 
should not be unduly crowded. It is naturally very much 
larger than the continuous current motor of equal capacity, 
and if it is designed to occupy approximately equal space it 
can only be at great sacrifice. Fig. 68 * is interesting as showing 



A B 


Fig. 68. — Comparative sizes of 2,000 H.P. continuous current motor of 
Pennsylvania Railway (A) and 800 H.P. single-phase motor LStschberg 
Railway Locomotive (B). 

the relative sizes that continuous current and single-phase 
motors assume when restrictions are not imposed on them. 
The service capacities of these two motors may, it is true, not 
be in the ratio of their ratings, but comparison on the basis of 
service capacity would probably be still more in favour of the 
continuous current motor. Locomotives with motors carried 
above the underframe, and driving groups of axles, are accord- 
ingly natural to the single-phase system, in which individual 
driving imposes undesirable restrictions on the design of the 
motors. In the third place, the service should be worked with 
* See Journal InsL E.JE., vol. 52, p. 386. 


156 


RAILWAY ELECTRIC TRACTION 


comparatively low rate of acceleration, for it is expensive in 
cost of equipment, in power and in maintenance to emulate 
the rate of acceleration practicable with the continuous cmrent 
motor, a conclusion which may be expressed by the dictum 
that the economical rate of acceleration is lower with the single- 
phase commutator motor than with the continuous current 
motor. 

Polyphase Motor. — The polyphase motor has the great 
advantage of dispensing with the commutator with its attend- 
ant brush gear ; and these are always a source of weakness in 
a motor which is not under continual observation. The merits 
of the induction motor with regard to its abihty to work for 
long periods with httle attention are well known, it being in 
this respect the first among motors. It can be designed with- 
out difficulty or sacrifice for any frequency, and any voltage that 
may be considered desirable. Thus it is not necessary for the 
motor to deal with large currents, and the frequency may be 
chosen to suit the convenience of generating plant. Its torque 
is uniform, like that of the continuous current motor. Its 
speed varies between narrow limits, and is kept within bounds 
on down-gradients by the machine acting as a generator and 
delivering power to the fine. Its wound rotor, provided with 
the usual shp rings by means of which resistance can be intro- 
duced in the armature circuit, enables a high torque to be main- 
tained until full speed is reached. Its chief constructional defect, 
for the present purpose, is that a small air gap is a necessary 
feature of successful design, the more so the higher the fre- 
quency ; this is very undesirable in a railway motor. 

Dynamical Charactebistics of Polyphase Railway 
Motor. — The dynamical characteristics of a three-phase 
railway motor are given in fig. 69, the curves being those of 
the motors employed for the Cascade Tunnel electrification. 
The modifications required to adapt the curves for other gear 
reduction or size of wheel offer no difficulty ; and operation at 
other voltage is of no particular interest, since voltage control 
of speed is impossible with this type of motor. 

The constant speed characteristic of the polyphase motor is 
an objection to its use in railway service, for reasons that have 
been sufficiently explained already. If two of the Cascade 
Tunnel locomotives were coupled together for hauling a train, 
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practically be realized when the wheels are unequal. These 
considerations effectively limit the use of the polyphase system 
to circumscribed areas and to railways in which it is convenient 
always to work trains by a single locomotive, for it would be 
impracticable to allow a minor consideration, like the wear of 
driving wheels, to interfere with the working of the traffic. 
For a similar reason, the use of multiple unit trains is imprac- 
ticable in this system. 

Split -phase System. — ^An objectionable feature of the 
polyphase system is that it requires two overhead lines for 
power supply, and these are difficult to instal suitably, parti- 
cularly at special work. A modification, which avoids this 
feature, is the single-phase-polyphase or split-phase 
system, in which the supply is single-phase and the driving 
motors polyphase — a suitable phase converter being carried 
on the locomotive for supplying current to the motors in the 
correct phase relation. The spHt-phase system was due to 
Mr. E. F. Alexanderson, and in the form proposed by him 
two-phase driving motors were employed, power being supphed 
to one phase directly, and to the other from the windings of 
the phase converter. The phase converter is practically a 
light running two-phase induction motor, having one phase 
connected with the supply, and the other with the correspond- 
ing phase of the driving motor. If, however, the windings of 
the phase converter and motor were simply in parallel, the 
current taken by the motor would so displace the second phase 
as to render the arrangement ineffective for its purpose. Mr. 
Alexanderson accordingly connects the corresponding second 
phases of motor and converter in series with one another, 
and, in order to preserve the correct phase relation in the motor, 
introduces into the circuit a component voltage in the phase 
of the supply. The arrangement will be understood from the 
diagram (fig. 70), in which however a three-phase motor is 
used in much the same manner as described. This diagram 
shows the system as used on the locomotives of the Norfolk 
and Western Railway. The phase converter makes better 
use of material than the motor, since it can be designed for 
limiting peripheral speed, and moreover usually feeds several 
motors. Its weight is therefore much less than the aggregate 
weight of the motors. 
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Starting and Heating of Polyphase Motors. — In the 
polyphase system the train is started by inserting resistance in 
the secondary circuits of the motors and reducing it as the 
speed rises. Sometimes, particularly when stops are infrequent, 
and only one running speed is desired, as in the Great Northern 
(Cascade Tunnel) locomotives, this is the whole process of 



Fig. 70. — Connections of Split-Phase System. 


starting ; but more frequently cascade or concatenated control 
is employed in some form or other. Thus if all motors are 
similar they may be grouped in pairs so that with one stator 
winding connected to the line the corresponding rotor winding 
is connected with that winding of the second motor whose 
stator winding is closed on itself through, a resistance which 
is cut out as the motors gain in speed. The limiting speed 
with similar motors concatenated is approximately a half that 
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with the motors in parallel on the line. The polyphase motor 
is fairly efficient when running near to synchronous speed, and 
where stops are infrequent the service capacity is comparable 
with that of the continuous current motor. The heating is 
well distributed, and, as the system is essentially one for 
locomotive operation, there is usually no difficulty in getting 
rid of the heat developed. 



CHAPTER IV 


MOTOR CONTROL 

The apparatus now used for the control of train-driving 
motors, whilst not differing in principle from that employed 
for similar pm^poses in other departments of the electrical 
engineering industry, has become highly specialized and of 
considerable complexity. Among the causes that have con- 
tributed to this result, doubtless the chief is the need for 
reliability under the exacting conditions of a service in which 
shock and vibration are normal features, and supervision of 
the apparatus is, at best, occasional. With frequent starting 
the need for saving energy arose and led to the development of 
series-parallel control, now almost universally used with con- 
tinuous current motors. The necessity of dealing with larger 
and larger currents as the art progressed taxed the resources 
of the control ; and the desirability, first appreciated by Mr. 
Sprague, of operating trains of motor and trailer coaches in 
suburban service from a single driver’s cab led to the invention 
of the multiple unit system of control, now in general use even 
for locomotives. The drum type of controller, such as is used 
on tramcars, was used on many of the early locomotives (e.g. 
the Central London Railway locomotives, the Quai D’Orsay 
terminal locomotives, the Buffalo and Lockport locomotives, 
etc.). Such controllers, however, soon tended to become 
unwieldy in size and unduly heavy to work ; and the necessity 
for locating them where adequate space was available and 
applying power to operate them, was early realized. Mr. 
Sprague saw the possibility and advantage of controlling this 
power from a central point whilst employing it to operate 
controllers simultaneously on the several motor coaches of 
the train, in whatsoever combination these might be assembled. 
The system so developed is the basis of all modern locomotive 
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control systems, whicli consist essentially of two main elements ; 
one, a motor controller for making the various power connec- 
tions required, and the other a master controller, which is the 
instrument by means of which the driver controls the working 
of the motor controller. 

Motor Controller. — In its first stages the motor controller 
was of the drum type, the shaft of the drum being turned by 
a motor. With increase in current, separate switches or con- 
tactors were devised to deal with it, these being actuated each 
by a separate engine, either electro-magnetic or pneumatic. 
The tendency now apxDears towards a combination of the two ; 
the contactors are retained, some of them being actuated by 
separate engines, and others grouped and actuated mechanic- 
ally by means of a cam shaft driven by a suitable engine, 
either electro-magnetic or pneumatic. The cam shaft carries 
also a controller drum by means of which the connections 
for the currents which control its motion are changed ; for it 
may be said that in all cases the ultimate control is electric. 

The motor controller may be taken to comprise all controlling 
apparatus which deals with main-circuit-currents. It consists 
of an assemblage of contactors, for making the successive 
connections required to bring the train to speed, a reversing 
switch for each motor, with such rheostats and other auxiliary 
apparatus as the system of operation requires. The cut-out 
switches, by means of which defective motors are rendered 
inoperative, are, in multiple unit trains, frequently inserted 
between master controller and motor controller ; and really 
ejffect their purpose by rendering the motor controller inoper- 
ative. In locomotives, however, the cut-out switches are 
now often located in the motor circuit, consisting in fact, in 
the larger locomotives, of a suitable assemblage of contactors. 
In the continuous current system of operation, the motors are 
almost invariably grouped in pairs, which by suitable operation 
of the motor controller can be connected in series or in parallel, 
one or more such pairs being associated with each motor 
controller. The means adopted for applying force to close 
the contactors and bring about other mechanical movements 
in the control system, whether electromagnetic or pneumatic, 
are not of primary importance from the point of view of motor 
control, for either system can be made to work satisfactorily 
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bher can be applied to furnish a given combination and 
ce of connections. It is easier to obtain a large force 
aticaUy than electromagnetically, and contactor finger 
ces, reversing forces, etc., are therefore usually made 
hat greater in the former system : against this advantage 
>e set some risk of freezing of valves in cold weather, due 
;er having been carried over with the air. Sometimes 
Dntactors involved in a particular operation (e.g. in 
y from series to parallel grouping of motors) are actuated 
•oup by means of a pneumatic engine and cam shaft, as 
locomotive control of fig. 86, in which the twelve transfer 
ss numbered 27 to 38 are so operated, and the remainder 
control is electromagnetic. 

TACTORS. — The contactor is a switch of construction 
)riate and adequate for carrying and, on occasion, 
ug the motor current : it is used in an upright position, 
hen out of action is kept open by gravity, assisted in 
ases by a spring : it is closed by forces governed directly 
irectly by the master controller. The contactor is 
3d to close with a wiping motion of the tips, in order 
)od contact between them may be secured. The movable 
inged to its operating lever and thereby rendered capable 
^pendent motion against a spring, which also serves to 
ate the opening of the circuit when power is cut off from 
erating mechanism. The pressure between contacts is 
'' made of the order of 15 to 20 lbs. per inch width, 
the contactor is intended to open under power, the arc 
ured in an incombustible chute, being generally blown 
*ds by a strong magnetic field occasioned by a special 
ut cod connected in series with the main contacts, 

L sometimes deflected to a copper disc and then ruptured 
action of its own field : in some recent types the arc is 
sfiected to a pair of diverging horns, along which it 
, thus avoiding the burning of the main tips. 
iBLOCKS. — ^Many contactors carry auxiliary switches 
as interlocks, whose function is to render the making 
ain connections contingent on the making or breaking 
r connections. Thus the main circuit contactors carry 
iterlocks as require the main circuit to be open if the 
r is to be actuated, and possibly in other contingencies : » 

ntactor connecting motors in series is interlocked with 
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that connecting them in parallel in such manner that neither 
can be closed unless the other is open; some of the con- 
tactors involved in the transi- 
tion between series and parallel 
may also carry interlocks to en- 
sure that the various operations 
take place in the order required. 
The cut-out switches, too, are 
frequently interlocked with some 
of the contactors, so as to make 
appropriate changes in the method 
of control when motors are ren- 
dered inoperative. In automatic 
methods of control, interlocks are 
freely used to secure the required 
sequence of the operations. In 
cam-operated systems the inter- 
locking is for the most part 
mechanical, the correct sequence 
and timing of the action being 
determined by the rotation of 
the cams : this constitutes one of 
the chief advantages of such 
systems. 

Eigs. 71 and 72 give views of 
low-voltage electromagnetically 
operated contactors. These con- 
tactors are wound with enamelled 
wire, which yields a high space 
factor, besides standing heat and 
vibration. Eig. 73 shows a line 
breaker unit designed for electro- 
pneumatic operation. Fig. 74 
shows a cam-operated contactor 
with arc-chute removed. 

The alternating current con- 
tactor is constructed on the 
same general principles as that 
for continuous current; but when 
electromagnetically operated from the alternating supply, 
naturally has a laminated magnetic circuit. In order to prevent 


Fig. 71. — Electromagnetically 
operated Contactor. Front View. 
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chattering, due to the pulsating force on the plunger, part of 
the pole is surrounded by a short-circuited conductor, called a 
'' shading coil,” in which a current is set up by induction. The 
effect of this is to throw the magnetic field in the shaded portion 
of the pole out of phase with the remainder, and thus force is 
kept on the plunger continuously as long as the current is on. 



Alternating current contactors have usually to deal with 
large currents on account of the low voltage of the motors. 

Reveksers. — ^The reverser in multiple unit train operation 
usually takes the form of a rocker-arm or reversing cylinder 
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arrangement of the motor control switches corresponds with 
a definite position of the master controller handle, and snccessive 
arrangements can be brought on quickly or slowly at the will 
of the driver. In automatic control, on the other hand, a few 
final arrangements only are governed by the position of the 
controller handle, whilst intermediate arrangements are 
effected by the motion of the motor controller itself, governed, 
however, by the operation of a current-limit-relay, which 
makes the final connection required to bring about a succeeding 
arrangement only when the current has fallen to the value for 
which- the relay has been set. The action of the relay is, 
indeed, generally delayed still further by means of a time 
element, the practical effect of which is to make the mean 
accelerating current dependent on the rate of acceleration, 
increasing it, for instance, in starting with heavy load, or 
against gradient. 

Automatic control was developed to meet the requirements 
of multiple unit trains in heavy urban service, for which it is 
particularly suitable. It ensures uniformity in the accelerating 
current and thereby favours low energy consumption and 
smaR heating of motors ; it requires less expertness on the 
part of the driver, leaving him little opportunity for abusing 
the motors, and by relieving him of responsibility in this 
direction makes better use of his faculties for securing rapid 
transit. This form of control is, however, not suited to 
conditions where the limits of adhesion may frequently bo 
exceeded, for if the wheels are once skidded the current 
immediately drops, and succeeding points are taken as rapidly 
as the time elements in the current relays wUl permit, thus 
tending to enhance the skidding. It is therefore particularly 
apphcable where the power is distributed over many axles, and 
less so when it is concentrated on few, since in the latter case 
the working is usuaUy much nearer to the limit of adhesion. 
In locomotive control, in which it is desirable to adjust the 
accelerating current to suit the needs of load and gradient, and 
often to keep the tractive effort near to the limits of adhesion, 
hand operation is the preferred practice, although calling for 
greater skill and experience on the part of the driver. 

Master Controller — Hand Control. — The master con- 
troUer used for hand-controlled multiple unit trains re- 
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sembles a small tramcar controller in appearance, construc- 
tion and operation. Its main cylinder carries segments to 
correspond with the several 
control steps or notches 
and is biased towards the 
notches by means of a star 
wheel and pawl. Its revers- 
ing cylinder, though inter- 
locked mechanically with the 
main cylinder, so that it can 
only be moved when the 
latter is in its '' off ” posi- 
tion, is distinct therefrom 
and is worked by a separate 
and removable handle. Fig. 

77 shows a typical master 
controller of this kind, whilst 
fig. 78 is a wiring diagram 
for a motor coach driven by 
two motors ; the system 
having an earthed return, 
and the coaches being pro- 
vided with a bus-line. 

Automatic Contkol. — 

The controller used for 
automatic relay control of 
multiple unit trains is smaller 
than the hand controller. 

It may be provided with 
separate reversing handle 
and otherwise be outwardly 
similar to the hand con- 
troller (see fig. 79) ; or it 
may be provided with a 
single cylinder for both for- 
ward and reverse motions, 
this being spring-biased 
towards the off position. The notches on the automatic 
controller dial plate are usually seven in number, viz. : (1) 
off, (2) switching or first series, (3) series, (4) first parallel, 
(5) parallel, (6) reverse switching, (7) reverse series. With 


Fig. 77. — Master Controller, Hand 
Operated Multiple Unit system. 
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such a combination the first series notch causes the fine 
contactors to close, connecting the motors, in series with all 
the starting resistance, between the lines. The second series 
notch causes the resistance contactors to be closed in correct 
sequence, under the control of the current-limit relay, until the 
full series position is reached ; if, however, after automatic 
notching has commenced, the handle be returned to the first 

series notch, the automatic 
action ceases but the contactors 
do not reopen, retaining the 
existing condition until the 
handle has been brought to the 
'' off ’’ position. The first 
parallel notch permits the motor 
controller to pass through the 
transition from series to parallel 
connections, and also acts in 
arresting the j)rogress of the 
motor controller in the same 
manner towards the later parallel 
combinations as does the first 
series notch towards the series 
combinations. The second par- 
allel notch allows the motor 
controller to cut out resistance 
until the motors are connected 
in parallel between the lines. 
The controller handle may be, 
and usually is, brought directly 
to the last notch, and the 
acceleration of the motors takes 
place in due course without 
effort on the part of the driver. 
If the motors are intended to 
work with tapped fields, additional notches may be intro- 
duced in the controller, and this is the usual practice with 
hand-control. In automatic control, however, it is more 
usual to make the necessary connections automatically, con- 
sequent on the operation of a current relay, which causes 
the closing of the appropriate circuits when the current in 
the full parallel connection falls to a certain predetermined 



Fig. 79. — Master Controller 
Relay-automatic system. 
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value. Fig. 80 is the wiring diagram of a motor coach fitted 
with relay automatic control. 

Notchin^g Relay. — The current limiting relay (usually 
called the notching relay used in relay-automatic control 
systems, deserves mention. As shown in fig. 81, it is fitted 
with two shunt coils and a series coil, the latter carrying the 
current of one of the motors. The contactor coils are actuated 
in series with one or other of the two shunt coils in such manner 


Eig. 81. — Notching Relay for Automatic Control. 

that, if one is energized in series with one shunt coil, the next 
one to close will be energized in series with the other. Each 
plunger in its lowest position closes a switch in the circuit of 
the coil of the other plunger, so that both cannot be energized 
at the same time. Either plunger when raised is acted on by 
the main current coil, which retains it in its raised position 
(its shunt coil circuit having been opened by the closing of the 
contactor), until the current has dropped to a predetermined 
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value. The general method of operation is as follows : As 
each contactor closes, it transfers its operating coil from a 
lifting to a holding circuit, opening also the connection with the 
first relay shunt coil. The succeeding contactor is now ready 
to be energized in series with one of its own interlocks and the 
second relay shunt coil, closing when the main current has 
diminished sufficiently to allow the first plunger to complete 
the circuit. The various operations can be traced in fig. 82, 
and the large number of interlocks needed will be noticed in 
the control diagram, fig. 80. 


Cam-operated Systems. — In cam-operated systems, the 
successive control circuits are energized from a small auxiliary 



Pig. 82 . — ^Diagram of succession in Automatic Relay Control. (Full line 
arrows show closing circuit for Contactor B, Contactor A being closed. 
Broken arrows show holding circuit for Contactor B, after closing.) 


drum controller, carried on the cam shaft, thus obviating the 
need of interlocks on the succession contactors. The working 
of the cam shaft is governed by a notching relay, which permits 
a succeeding step when the cmrent has fallen to a predetermined 
value. The arrangements can be traced in the wiring diagrams, 
figs. 83 and 84, which refer to a pneumatically operated cam- 
control system. In this the notching relay has two magnetic 
circuits and three shunt coils in addition to the main series 
coil. The series coil is the current-limiting device, and a lifting 
coil on the same core ensures action. The holding and by- 
pass coils are used in connection with an advance lever,” and 
by means of this device the control can be advanced step by 
^tep without reference to the magnitude of the main current, 
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so long as it does not trip the overload relay. The master 
controller has three steps or notches : on the first the reversers 
are thrown, the line breakers closed and the motors connected 
between the lines in series with one another and with the 
starting rheostats : on the second the control is advanced step 
by step to the full series position : on the third it is further 
advanced until full parallel is reached. The master controller 
is provided with three handles, a reverse handle, an operating 
handle and the advance lever mentioned above. Certain inter- 
locks, generally of the finger and segment type, are provided 
on the line-breakers, to prevent the throwing of the reverser 
when these are closed or the forward movement of the cam 
shaft when they are open. A fuller description of the system 
shown in figs. 83 and 84 is given later. Generally, the chief 
advantage of a cam operated system lies in the simplicity of 
the wiring scheme, which enables a defect to be traced with 
little difficulty, — a very valuable feature. 

Potential Relay. — ^With automatic control, when no main 
bus line runs through the train, it is necessary to arrange that 
the motor controller becomes inoperative on any coach not 
at the time taking energy, since otherwise the notching relay, 
limited by no main current, would act as quickly as the time 
elements would permit on the dead coach, resulting in an 
excessive current when voltage was restored. The desired 
result is effected by means of a potential relay which opens the 
control circuits and causes the motor controller to return to the 

off ’’ position if voltage is lost on any coach. The potential 
relay also minimizes the chance of flashing-over of the motors 
in crossing a gap in the line conductor at high speed. 

Locomotive Controllers. — In locomotive control, as has 
been stated, it is the preferred practice to operate by hand. 
The locomotive controller usually accelerates in a large number 
of steps, by which the tractive effort can be finely graduated ; 
it also provides as large a number of running points as possible, 
in order to work efficiently at various speeds. The master 
controllers are therefore often much larger than those used on 
multiple unit trains, and differ greatly from them in appearance 
and construction. Fig. 85 shows the master controller used 
on the Chicago, Milwaukee and St. Paul locomotives of fig. 197. 
It has three operating handles, A, being the handle for regulat- 



Fig. 85 . — Locomotive Controller. Chicago, Milwaukee and St. Paul Railway. 

handle. The lower portion of the controller has to do with the 
power steps, the small inverted controller being used solely 
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in connection with the regenerative braking features. Fig. 86 
gives much simplified connections and sequence of this control 
in motor operation ; whilst fig. 87 gives connections used in 
regenerative braking. Other locomotive control diagrams are 
given in figs. 88 and 89.* 

Safeguards. — The control usually embodies certain pro- 
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i'lG. 86. — ^Diagram of Motor Operation, Chicago, Milwaukee and St. Paul 

Locomotives. 

visions against accident, particularly in the case of multiple unit 
trains, in which there is generally only one man in the driver’s 
cab. For instance, the control circuit is opened, and power cut off 

* “ Control Equipments for Dkect-current Locomotives on Inter- 
urban Railways,” by R. Stearns, General Electric Review, Nov., 1913, 
vol. 16, p. 854. 
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from the train, if the driver removes his hand from the operat- 
ing handle of the controller ; this is usually effected in hand 
control by a spring-opened switch, closed by pressure on a 
button in the grip of the controller handle, and in automatic 
control by the spring fly-back action of the handle already re- 



Fig. 87. — Simplified Diagram of Regenerative Electric Braking Connections. 


f erred to. It is generally arranged also that brakes are set when 
power is thus cut off. A pneumatically operated switch, the 
contacts of which are connected in series with the main control 
wire, is often provided, being so devised as to open on reduction 
of pressure in the train pipe. It thus prevents the train being 
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started until sufficient air pressure to apply the brakes has 
been attained, and opens the control circuit when the brakes 
are applied, whether voluntarily, by driver or conductor, or 
by the action of an automatic trip devised to apply them if 
the signals are over-run. 

Power for Working Controller. — In the electromagnetic 
system of control, it is usual to operate the motor controller 
by means of current taken directly from the line in the low 
voltage continuous current system (800 volts is the highest so 
employed hitherto) ; or from a dynamotor or motor generator 
in high voltage continuous current systems. The dynamotor 
is a small continuous current converter, consisting of an arma- 
ture, having two windings and two commutators, rotating in 
a suitable field. The controller is fed from one armature 
winding, whilst the two armature windings are usually con- 
nected in series between the lines. The action is therefore 
somewhat similar to that of an auto-transformer. The train 
lights are often fed from the same machine, and occasionally 
a blower for cooling the motors is coupled to the dynamotor, 
which then acts also as a motor to the extent required. In 
electropneumatic systems a battery is often used for working 
the magnet- valves. In alternating current systems, the 
controller operating current is taken from a low voltage tap 
of the transformer. 

Transition. — ^The transition from series to parallel con- 
nection in the continuous current system presents some 
difficulty, and no method has yet been devised which meets 
all requirements of practicability and convenience for both 
multiple unit trains and locomotives. Three general methods 
have been used to effect the transition : ( 1 ) That of opening 
the main circuit altogether while the rearrangement of connec- 
tions is being effected, (2) that of short-circuiting and after- 
wards open-circuiting one only of the motors in transition, 
(3) the so-called '' bridge ” method, in which power is applied 
continuously to both motors and resistance drop is balanced 
against counter-electromotive-force during transition. The 
first method, although common in early controls, both for 
locomotives and multiple unit trains, is now obsolete. The 
other methods are however employed both for locomotives 
and multiple unit trains. Fig. 90 shows the sequence of con- 
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nections during transition where a motor is short-circuited ; 
whilst fig. 91 shows a more modern variant of the same : the 
object of introducing a resistance in the circuit of the motor 
short-circuited is to prevent the generation of considerable 
current in the circuit, due to the residual field and resulting 
in burning of the series contactor. Fig. 92 shows the sequence 
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Fig. 90. — Sequence in Single Motor Transition. 


of connections in bridge transition. In the method of figs. 
90 and 91, if the rheostat resistance during transition is 
adjusted to the value appropriate to the first parallel notch, 
an excessive current flows through the active motor while 
the other is cut out, and if the resistance is increased in order 
to reduce this excess, the first parallel notch is taken at too 
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low a current. In the first case the tractive effort of one motor 
becomes excessive, tending to cause slipping of wheels, and in 
the second case the tractive effort on the train falls off con- 
siderably during transition. In multiple unit trains, if there 
is a good margin of adhesion, transition may be made with 
somewhat low resistance in the rheostats, but in locomotive 
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Fio. 91.- -Suquoiif.o in Single Motor Trannition. 


work this cannot be allowed, and the halving of the available 
tractive effort must be tolerated, — an extra parallel notch, with 
the appropriate transition resistance, being inserted to minimize 
the jerk. In fig. 91 it will be noted the throwing-in of the 
second motor and reduction of resistance are intended to take 
place simultaneously. Transition by means of the bridge 
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connection gets over these troubles, but introduces others, 
the chief of which is the burning of the bridge-contactor tips, 
due to transition not taking place at the predetermined current. 
In multiple unit trains, particularly where automatic control 
is used, the rheostats can be adjusted to make transition at 
the appropriate current for acceleration, in which case the 
bridge contactor is not req[uired to break an appreciable 



FIRST PARALLEL 

Fia. 92. — Sequence in Bridge Transition. 


current, but even then, when a coach passes a gap in the con- 
ductor rail, all contactors are dropped and picked up again 
in proper order, and transition may take place with very little 
current in the motors, so that the bridge contactor is required 
to open on a large current. In locomotive work, in which the 
accelerating current is varied to suit the load, transition seldom, 
takes place at the predetermined value of the current. The 
transition in which a motor is short-circuited is somewhat the 
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simpler and allows greater latitude in selecting rheostats, whilst 
employing their capacity to better advantage than in the case 
with bridge-transition. Where four motors are used, with the 
three groupings, series, series-parallel, and parallel, it is advan- 
tageous to combine the two methods of transition, using one 
in passing from series to series-parallel and the other in passing 
from series-parallel to parallel, as in fig. 88. 

Study of a Typical Control. — The subject of train control 
is an extensive one to which much attention has been given, 
for not only must operation be reliable, but the train must be 
safeguarded in any event that can be foreseen. Much could 
therefore be written in explanation of the methods and devices 
used, but it will suffice here to take a typical control for study 
and endeavour succinctly to show how it acts and why it is 
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Pig. 93. — Diagram, of Operating Cylinder, pneumatic cam control. 


arranged as it is. For this purpose the multiple unit train 
control of fig. 83 will be considered. This is a modern pneu- 
matic-cam-control for a system with insulated return, as used 
by the London Electric Railways : a simplified diagram of 
connections is given in fig. 84. 

The air for working the controller is taken from the main 
reservoir through at least 15 feet of cooling pipe, which drains 
towards this reservoir, and through a hair strainer, to an 
auxiliary control-reservoir, thence through an insulating joint 
to the several control cylinders. The pipes, which are 
galvanized, are pounded and blown out before connection to 
remove all detachable matter. The main pneumatic engine 
consists of a cylinder containing a double-ended balanced 
piston which rotates the cam-shaft by means of a rack and 
pinion. Its motion is controlled by means of two valves, 
known respectively as the '' on ” valve and the '' off valve. 
It is shown diagrammaticaUy in fig. 93. In the off ’’ position 
of the controller handle, when the valves are not actuated, the 
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on ” valve connects its side of the piston to exhaust, whilst 
the '' off ” valve connects its side to the control reservoir. 
The reverser and line breakers are worked by separate engines, 
controlled by valves similar to the '' on ’’ valve. In normal 
operation the '' on ” valve is actuated as soon as the controller 
handle is moved from its “ off position and remains hfted 
until this position is regained ; the '' off ’’ valve on the other 
hand is actuated intermittently, a notch being taken each 
time it is lifted, until the full parallel position is reached. The 
cam shaft is biased towards the notches by means of a star- 
wheel and pawl. 

The power supply for working the control is taken from the 
live contacts of the main switches, through a double pole 
control switch and a pair of fuses ; thence the positive line 
passes through one way of a two-way switch to the controller, 
whilst the negative line passes directly to the controller. The 
other way of the two-way switch is for the purpose of energizing 
a control wire, 7, which runs through the train for setting the 
overload relays : thus in the act of setting these relays power 
is cut off from the controller circuits, opening the line breakers, 
releasing the valves of the main engine, and dropping the 
potential relay, which does not pick up again, even if power be 
re-apphed to the control, until the cam shaft has returned to 
its off ’’ position. The interlock contacts Pi Pg, short- 
circuited in the '' off ” position of the control drum, are bridged 
also by a resistance of 2,800 ohms, which prevents the relay 
picking up, but suffices to hold it up when once closed. 

PuNCTioisr OF Several Control Wires. — ^There are nine 
wires in the control bundle. No. 1 actuates the '' off ’’ valves 
on notches, through the contacts of the current limit relays. 
No. 2 actuates the '' off ’’ valves in transition between notches, 
through the lifting coils of the current limit relays ; it also 
sets the negative line breakers and actuates the on ’’ valves. 
No. 3 controls the transition between series and parallel, 
Nos. 4 and 5 actuate the reversers and set the positive line 
breakers. No. 6 actuates the current limit relays through the 
medium of the advance lever. No. 7 is for setting the over- 
load relays. No. 8 is a common return wire. No. 10 is the 
connection to the negative shoe, and this wire is characteristic 
of the system with insulated return. 

Succession to Switching Point. — ^In the ‘‘ off position 
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of tlie cam shaft, the contractors S and R6 are closed. In 
fig. 84 the reverser is shown thrown for forward motion : if it 
were desired to reverse, the necessary circuit would he made 
on the first control point from T through 5, 51, 52, 53, 54 and 
8, provided that both line breakers are open. The coils 
marked '' Forw^.’’ and Rev.” represent the actuating coils 
of the reversing magnet valves. As shown for forward motion, 
however, a circuit is made on the first control point through 
4, 4A, 4B, 4C, 4D, 4E and 8, which j)icks up the positive line 
breaker, provided that the overload and potential relays are 
both in, and that the control drum is in its '' off ” position. 
The positive line breaker in closing makes another connection 
from 4E to 8, which maintains the circuit when the control 
drum has been rotated ; it also completes a circuit from wire 
2, through 2A, 2C, 2D, 2E and 8, which picks up the negative 
line breaker and actuates the on ” valve. The main circuit 
is now complete, with motors and grid rheostats in series, and 
this is all that happens on the first point. 

Sttooession to RuNNiNa Points. — In passing to the second 
point the wire 1 is energized, actuating the off ” valve through 
lA, IB, IC, ID and 8, and causing the cam shaft to rotate. 
With the rotation of the control drum the circuit through 
1 and lA is opened, but the off ” valve is still actuated through 
the circuit 2, 2A, 2B, IB, IC, ID and 8. This circuit, passing 
through the lifting coil of the current limit relay, breaks the 
contact between lA and IB which is held open, after the circuit 
through the lifting coil has been opened by the rotation of the 
drum, as long as the current in the series coil exceeds the value 
for which the relay has been set. Thus, a portion of the 
rheostat having been cut out by the closing of contactor Eg, 
the rotation pauses on the second notch until the motor current 
has decreased to its predetermined minimum, when rotation 
starts again and the action is repeated until the sixth notch is 
reached, at which stage rotation ceases. In passing to the 
tliird point of the controller the wire 3 is energized and takes 
the place of 1 in actuating the ‘‘ off ” valve, restarting the 
rotation of the cam shaft, and, having passed through a transi- 
tion period during which the connections shown in fig. 91 are 
made successively, taking the parallel notches in the same 
manner as the series notches were taken. The sequence in 
which contactors are closed or opened by the rotation of the 
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cams is shown in the diagram at the top of fig. 84, the location 
of the contactors being shown in the motor circuit connections 
at the foot of this figure. 

Acceleration. — ^In case it is desired to accelerate the train 
notch by notch, at a rate faster or slower than the automatic 
devices are set for, this can be done by means of the advance 
lever, by which the by-pass coil is energized through the 
wire 6. This actuates the off ’’ valve by completing the 
appropriate circuit through lA, and the armatures of the hold 
and by-pass coils, to IB : in transition from notch to notch 
this circuit is broken by the attraction of the holding coil 
armature, and the magnet is devised so that the by-pass coil 
retains this armature once it has been attracted by the holding 
coil. Thus the action pauses on the next notch until the circuit 
through 6 is opened by the release of the advance lever, upon 
which it can be re-applied immediately. The advance lever 
is used also in testing the control apparatus. 

Single -phase Motor Control. — The single-phase com- 
mutator motor is accelerated by increase in terminal voltage, 
either gradual, by means of an induction regulator, or stepped, 
by contactors connecting to successive transformer taps. In the 
former method, the voltage regulator, if it is to provide for 
the whole variation in voltage, must be capable of carrying the 
accelerating current, and of raising and lowering the voltage by 
a half of the range of variation : the apparatus needed for 
effecting this is large and expensive. Lydall * has devised a 
combination of contactor and induction regulator control, in 
which a regulator of comparatively small size, whose range is 
that of the voltage between successive taps, is used, but which 
nevertheless allows acceleration at uniform tractive effort. 
The arrangement is used on the Prussian State Railways : 
however, the advantages of acceleration at uniform tractive 
effort are not suflicient to warrant great expense and com- 
plication in obtaining it, and most single-phase locomotives 
employ a contactor system only for voltage variation. 

In accelerating continuous current or polyphase motors, 
sections of rheostat are short-circuited successively in transi- 
tion between notches, and no untoward difficulty arises from 
the practice. In the acceleration of single-phase commutator 
* See Journal of Institution of Electrical Engineers, vol. 52, p. 390. 
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motors^ however, there is a hve electromotive force between 
successive taps of the transformer, and in transition from point 
to point it is necessary to ensure both that the circuit be not 
opened and that the section of transformer winding be not 
short-circuited. This is effected by means of a suitable 
reactance, sometimes called a preventive coil,’’ which is 
connected between the taps. In some cases this remains 
between the taps in use and the motor connection is taken 
from its centre, as in fig. 95, in which Dr 1 represents the 
preventive coil : in some cases, in fact, as in the Kiruna- 
Riksgrtosen goods locomotives, three coils are used, connected 
to successive taps at one end and to a common point, with the 
motor connection, at the other. In other cases the preventive 

coil is only used during transition, 
the motor connection being ulti- 
mately made directly to the trans- 
former taps. Fig. 94 shows the 
principle of the latter arrangement : 
the motor is connected to the tap 
{d) of the transformer through the 
contactors D and F ; in order to 
pass to the tap (c), contactor C is 
closed, D is opened, E is closed and 
F opened, the operations being per- 
formed successively in the order 
named ; in order to pass to the tap (6), contactor B is closed, 
C is opened, F is closed and E opened, and so on. 

Typical Control Diagram op Single-phase Locomotive. 
— Fig. 95 shows simplified control and power wiring of a 
typical single-phase locomotive, being that of the A.E.G. 
express locomotive, built for the Dessau-Bitterfeld line of the 
Prussian State Railways.* This locomotive is driven by a 
single motor rated at 1,000 h.p., approximately. The current 
is taken from the line at 10,000 volts pressure, through a 
choking coil and through an oil switch, provided with auxiliary 
contacts in series with a resistance in order to reduce the shock 
on switching-in, thence through the primary of the main 
transformer and that of a current transformer to earth. The 
secondary of the main transformer is provided with eight taps 
whereby seven different voltages can be impressed on the motor 
terminals. There are twelve contactors in all, of which four 
* See Appendix, p. 406. ' 
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are connected two and two in parallel to the motor leads, 
introducing the preventive coil between taps, and the other 
eight to the transformer taps. An auxiliary winding on the 
main transformer provides power for working the control. 
An auto-transformer is connected between the motor terminals 
whereby appropriate shunt voltages depending on the speed 
are applied to the compensating winding and armature for 
the purpose of improving commutation ; the motor is in fact 
started as a repulsion motor with armature short-circuited. 
The master controller has two drums which can be revolved 
independently of one another : the upper drum regulates 
tractive effort and speed and the lower one adjusts the com- 
mutating field. The driver operates the control drums by 
means of two hand-wheels, placed one above the other on a 
pedestal fitting, St, one of these being located at each end of 
the cabin : the upper hand wheel turns the upper drum, and 
the lower, which is marked with speed, turns the lower drum, 
being adjusted by the driver in accordance with the reading of 
a speed indicator before his eyes. The main switch is provided 
with an overload tripping device, but in case it is desired to cut 
off power suddenly, a tripping circuit is provided from the 
control supply, completed by a press-button, Du, or by the 
application of the brakes, through a special switch, AS^. 

CONTBOL CALCULATIONS 

Number of Controller Points. — The number of the 
controller points used in accelerating the train is governed by 
radically different considerations in the cases of multiple unit 
train and of locomotive operation. In the former, the tractive 
effort rarely reaches the limit of adhesion and is, even at 
minimum accelerating current, much larger than is req[uired to 
overcome the resistances to motion. The number of points is 
accordingly governed by simplicity in the control system, 
having due regard for the comfort of passengers, and by con- 
sideration of damage to the motors by the maximum current. 
In the latter case, how’ever, the load hauled may on certain 
grades be near the limit of the capacity of the locomotive, and 
as the tractive effort must be greater than the resistance to 
motion and cannot be greater than the limit of adhesion, it is 
desirable, in order to get full duty from the locomotive, to make 
it possible to use a high minimum tractive effort as compared 
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with the maximum, and to see that the peaks of current are 
uniform. Accordingly, it is usual to have many more resistance 
points in the locomotive controller than in that of the multiple 
unit train. Thus the Butte, Anaconda and Pacific locomotives 
have 17 points, excluding transition points, 10 series and 7 
parallel (see fig. 89). The Detroit River Tunnel locomotive 
has 24 points, 9 series, 8 series-parallel, and 7 parallel (see 
fig. 88). The Chicago, Milwaukee and St. Paul locomotives 
of fig. 198 have 31 rheostat and 8 operating points, there being 
9 rheostatic and 2 operating points with all motors in series, 
6 rheostatic and 2 operating points with 6 motors in series and 
2 in parallel, 8 rheostatic and 2 operating points with 4 motors 
in series and 3 in parallel, and 8 rheostatic and 2 operating 
points with 3 motors in series and 4 in parallel. A common 
number of points for a multiple unit'train is 9 — 5 series and 4 
parallel. The first point series is always made to give a low 
peak, in order to diminish the shock of starting, and to provide 
a low acceleration for coupling up, or, in the case of a loco- 
motive, for running without train. Indeed, in the case of 
road-locomotives, it is usual to provide several low peaks to 
lead up to normal acceleration. After transition from series 
to parallel also, it may be desirable to provide a low peak, for 
reasons already indicated. These special points, though they 
count as controller points, must be considered separately and 
need not be introduced in the discussion of normal peaks. 

Mathematical Discussion of Rheostat Resistance. — 

In a continuous current equipment, let : — 

• V be the line voltage per motor in multiple grouping. 

c a coefficient such that cV is the voltage per motor in any 
grouping. 

V the voltage for which the speed curve is drawn, being 
usually V in the present calculations. 

A the motor current, 
the speed as given by the speed curve. 

m the motor resistance. 

r the resistance of motor plus external resistance chargeable 
to it and included in the section to which the voltage 
cV is applied. 

The actual speed of the motor is (cV — rA) s/{v — mA ) ; if 
now r is suddenly changed to r' by the action of the controller, 
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resulting in A and s being changed to A' and s' since the speed 
cannot be changed instantaneously : 

cV -- r'A' , cV — rA 

s — s 

V — mA' V — mA 


,A A’s’ 
^ Y' As 


ifl — - - 
L s V 


s* V — mA ‘ 
s V ~ mA'. 


In order that a calculation may have a wider application 
than to a particular problem, it is desirable to reduce the 
several variables and coefficients to ratios between quantities 
of the same dimensions, that is, to numbers. Hence, write : 

4=®’ “t"” ) 

> ( 2 ) 

A's' V — mA , ^ s' V — mA , ,, , J 


=M 


and equation 1 becomes : 

R -f cZ; = ^(R' + cJc) . . • (3) 

It should be noted that equations 1 and 3 assume no 
change in grouping between the successive controller points 
considered ; if such change takes place, and c' is the changed 
value of c, the transition equation is : 

R + c'Zj = h{E' + c'k) + c —c' . . (4) 

Assuming that all normal peaks range between maximum 
current A' and minimum current A, if Ri Rg R 3 . . . are the 
successive values of R in any grouping : 

Ri ck = ^/(R 2 ~f~ cZ?) > 

Rg ck = ^(Rs -j- ck) I /K\ 


R^-_x “I” cZ? — ^(R^ “h ^k) J 

Multiplying the second of the above equations by h, the third 
by the fourth by P, and so on, and adding, there results : 

R, + ck = (R^ + ck)h^~'-^ . . . (6) 

The resistances on the first and last points of any grouping 
may be considered known, so that equation 6 determines the 
number of normal points if the limits of current are specified, 
or the upper hmit of current if the number of points and lower 
limit are specified. Equations 5 give the successive resist- 
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ances. The case of the shunt motor is included by making 
Ic = 0 . 

It has already been indicated that in locomotives, it is 
usually desirable to arrange the control so that the machine 
works between given limits of tractive effort, the maximum 
being determined by the adhesion and the minimum by the 
requirements of grade and load. Thus, — Ri, R„, A, and k are 
known, and equation 6 gives : 


n =1 + 


log 


R^ “}“ oh 
R,^ + oh 


log h 


( 7 ) 


In the case of series-parallel control, with series grouping : 
c = 0'5, Ri = 0-5 R„ = M (8) 


These equations, together with equations 2 and 7, determine 
the number of normal series points. With parallel grouping, 
the resistance in the first point is obtained from the transition 
equation 4 by putting : 

R'=R„ E=M, c'=l, 

giving : 

M + = (El + 'lc)'h - 0-5 . . (9) 

whilst in equation 7 ; 

0=1, R, = M . . (10) 

Equations 2, 7, 9 and 10 determine the number of normal 
parallel points. 

The case of series, series-parallel and parallel control can be 
treated in a similar manner ; with series grouping : 

c = 0-25, B, = 0-25 R,, = M (11) 

Equations 2, 7 and 11 determine the number of normal series 
points. With series-parallel grouping, the resistance on the 
first point is given by the transition equation 4, by putting : 

R' = R^, R = M, c' = 0-5, c = 0*25 
leading to : 

M +- = (Ri + 0-5m --- 0*25 . , (12) 

whilst in equation 7 : 

c = 0-5, R^ = M 


. ( 13 ) 
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Equations 2, 7, 12 and 13 determine the number of normal 
series-parallel points. With full parallel grouping, the number 
of normal points is given by equations 2, 7, 9 and 10, as in 
series-parallel control. 

Inasmuch as the number of controller points in any group- 
ing is an integer, whilst the numbers determined above are 
generally fractional, it may be necessary to vary the prescribed 
limits of motor current to a suitable extent to give equal peaks, 
and the limits will usually be shghtly different with different 
grouping of motors. The necessity for providing switching and 
transition points, however, gives a flexibility which is equiva- 
lent to permitting a fractional number of normal points and 
frequently relieves the computer of the necessity of further 
adjustment. There is, in fact, rarely any need for such adjust- 
ment in the case of the series points of locomotive control, as 
two or three initial points intervene before normal points are 
reached ; but the parallel points will sometimes require adjust- 
ment to give even peaks. When the number of normal points 
has been settled, the successive resistances may be determined 
from equations 5 and 6, either by suitable adjustment of the 
limits of current, or by the method outhned below. It should 
be noted that the resistances finally determined in this manner 
include the motor resistance, and are associated with a single 
motor. 

Automatic AccELEEATioisr. — In automatic acceleration, 
succeeding points are taken when the current drops to a 
certain minimum. This minimum therefore remains uniform 
throughout the acceleration ; although the height of the peaks 
may vary with the grouping of the motors. In hand accelera- 
tion, governed by the observation of an ammeter, although 
uniformity either of maxima or minima is hardly to be ex- 
pected, the tendency is to maintain a uniform average current 
in each of the several motor groupings. Of the two assump- 
tions, accordingly, viz. that of equal minimum current in the 
various motor groupings and that of equal mean current, it 
would seem the former is better suited to the case of automatic 
control and the latter to that of hand control. Actually, it is 
convenient to make the calculation as if the minimum current 
were specified, and to plot the results in terms of the average 
accelerating current, as this is usually prescribed and the 
automatic relays set accordingly. Maximum and minimum 
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limits of current will however he given on the curves in order 
that full particulars may be available. 


Calculation of Universal Curves. — The problem of com- 
puting the various rheostat resistances when the number of 
normal points in each grouping and the minimum current are 
given, will now be discussed ; this is really the problem of 
solving the set of 9^ — 1 equations, 5, when the minimum 
current A is given. Write the maximum current A' = A(1 -fa;) 
and write 5 ' = 5 (1 — ax) so that a is the proportional slope 
of the speed-current curve, viz. : 


A ds 
s dX 


(U) 


and usually lies between 0*3 and 0-4 with modern motors at 
rated voltage. Writing : 


mA _ M 
V — niA 1 M 


equations 2 give : 

^ ^ (1 -f x)(l ~ ax) ^ a -- fi 

1 — l^x ’ 1 — a -f /5 — ao; 


(15) 


(16) 


Since Ri and R„ are known in terms of M for any grouping, 
equations 6 and 16 determine x, and equations 5 the resist- 
ances on successive points. These equations are too compli- 
cated to be solved for x directly, and recourse has to be had 
to indirect methods for obtaining its value. 

For series-parallel control and series grouping : 




Ri 


1 




'2~(1 +x) ' 

thus equation 6 becomes : 

i (z — , - + ~ (^ "(” i ^) ^ 

+ X / 

and this equation determines x in this case. 

For series-parallel control and parallel grouping : 

M + J -k{h -1) 


(17) 


(18) 


R, = 


A 


R. (19) 
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thus eq[uation 6 becomes: 


(M + Tc){h^ _ 1) _ ^ = 0 


( 20 ) 


and this equation determines x in this case. 

For series, series-parallel and parallel control, and series 
grouping ; 


c = i. 


Ri 


1 


R„ = M 


thus equation 6 becomes : 

i + *) = (M -f i . . (21) 

\1 + ri; / 


and this equation determines x in this case. 

For the same control with series-parallel grouping : 


1 


Ri 


M + J - i-k{h - 1) 


thus equation 6 becomes : 

(2M + k)(h^ 


h 


1 ) =0 


=M 


( 22 ) 


and this equation determines x in this case. For the same 
control with full parallel grouping, the equations are the same 
as in the case of series-parallel control, and x is determined 
by equations 16 and 20. It will be noted that equations 21 
and 22 are the same as equations 18 and 20, but with 2M 
written for M ; thus the same curves are applicable if suffi- 
ciently extended. 

Equations 18 to 22 enable the rheostats to be computed, 
and the results presented in a form applicable to any control 
having the number of normal points for which the computation 
is made. Examples of such results are given in figs. 96 to 100, 
and in these curves the percentage drop in rheostats or in 
motor is that at the mean accelerating current, as this is the 
quantity for which it is most appropriate to arrange the 
rheostat. The variation of the current from the mean is given 
on each diagram, so that the maximum and minimum value 
of the accelerating current may be deduced. The curves are 
plotted for a proportional slope in the speed curve of a =0-35, 
but the variation in the curves with change in this slope is 
small, being well within the limits of differences between 
rheostats or possibilities of adjustment. It may be mentioned, 





Fig. 98.--Rheostat Calculation, (m-drop at mean Fig. 99.— Rheostat Calculation. CR-drop at mean 

aoeeleratmg cmrent. Six-point, series. accelerating current. Four-point, parallel 
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however, that greater slope requires shghtly greater drop in 
rheostats, the excess being greatest for the second point in 
series, which may vary by 1 per cent, from the value given 
in the curve. It should be noted that with the same number 
of normal points in series as in parallel — a desirable arrange- 
ment with bridge transition, from the point of view of 
simphcity in control and fewness of contactors — the range of 
variation of the accelerating current per motor is considerably 
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Fig. 100. — Rheostat Calculation. CR-drop at mean accelerating current. 
Five-point, parallel. 

greater in series than in parallel ; thus — if succeeding points 
are taken automatically when the current has dropped to a 
certain minimum, the mean accelerating current in series will 
be greater than in parallel. Moreover, a control with uniform 
range of current throughout requires more normal series points 
than parallel points, a condition satisfied by the locomotive 
controls described above. 

Example of Acceleeation Cueve, with Rheostatic 
Losses. — ^Fig. 101 shows an acceleration curve computed from 
figs. 96 and 99 for four normal points and one switching point 
in series, and four points in parallel. This figure also shows the 
loss of power in the rheostats on each step of the controller. 




SECONDS 

Fig. 101. — Acceleration Curve of Continuous Current Motors. 

Fig. 102 shows the energy loss in rheostats with series-parallel 
control expressed as a fraction of the total input. This curve 



TIME OF CONTROLLER OPERATION, X TIME' UNDER POWER 

Fig. 102. — ^Rheostat Loss with Continuous Current Motors. 


varies but slightly with variation in the equipment, rate of 
acceleration or outside conditions, and may be taken as 




200 


RAILWAY ELECTRIC TRACTION 


approximately correct for any case in which, series-parallel 
control is used. 

Selection of Rheostats. — ^The selection of suitable rheostat 
boxes and grids to give the resistances required on the several 
control points and at the same time possess thermal capacity 
and heat dissipating qualities suited to the work in hand, 
must usually be left to the judgment of the manufacturer, and 
general guidance only need be given here. In locomotives, 
and particularly in goods locomotives, the rheostats may be 
in circuit for considerable periods of time and the final tempera- 
ture corresponding to continuous operation becomes of im- 
portance. In multiple unit trains, and generally in passenger 
work, on the other hand, where the rheostats are only used 
intermittently and for short periods, the rate of rise of tempera- 
ture is the more important feature in governing selection. If 
A is the cross section of the material of a grid, p the perimeter 
of the section, and the mean square current density, the 
ultimate temperature rise in continuous operation may be 
taken as proportional to Ad^/p. The temperature rise T, at 
any time t, may be written : 

T = /fc 4 d^-(l - ' . (23) 

P 

where h and k' are constants. With A/p in inches, b in amperes 
per square inch and T in Centigrade degrees, h = 10 ^ and 

== 10”~5 approximately, the grids being of cast iron.* 
The limiting temperature for such rheostats in service may be 
taken as from 200® C. to 300° C. Eor locomotive work the 
cross section of the grids may with advantage be made oblong, 
or several small grids may be used in parallel instead of a 
larger one : for multiple unit train work, on the other hand, 
better use is made of the space if the section of the grid is 
made approximately square. 

Voltage Steps in Accelerating Single-phase Motor. — 

The determination of appropriate voltage steps for accelerating 
a single -phase motor, so as to keep within a certain range of 

* k varies as the specific resistance of the material, which has been 
taken at 10® c.g.s. imits. The constants also vary with the ventila- 
tion, and are given for natural circulation of air, and with the iron 
cross section about one-third of the whole. 
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tractive effort, can be deduced from a system of equations 
obtained in a similar manner to tbe corresponding continuous 
current equations. Thus, in a compensated series motor, if v 
is the terminal voltage for which a speed curve is given, m the 
motor resistance, A and A' the minimum and maximum limits 
of current, h and h' the corresponding power factors, s and s' 
the corresponding speeds, and if further Vi Vg . . . . are 
successive terminal voltages in the control . . . . 

the power factors at these voltages and at current A, and 
k^ k 2 ,' . • . . the power factor at current A', the speed at 
voltage Vi and current A is {ki Yi — mA)s/{kv — mA), and 
so with other voltages and currents. As there is no instan- 
taneous change in speed : 

— s = ~ “ s . . (24) 

kv — mA k'v — mA' 

As the reactance voltage at any current is for the motor 
practically independent of the terminal voltage : 

{I -^k^^)Y^^ ={l —k^^)Yi^ .... ==(l-)fc>2 

(1 =, (1 ^ ^ (1 (25) 

Thus commencing with full voltage which may be equal to 
the speed-curve voltage, the tap voltages are determined 
successively by the equations : 

-{l -k'^)v^f - mA' 
kv —mA k'v —mA' 

[VU ^ ^26) 

kv —mA k'v —mA' 

These equations will not usually lead to a normal point with 
motor at rest, or to Vi = [(1 —k'^)v^ + but this is 

of no consequence, for the starting is a special problem in any 
case, being often effected with reduced field, or with repulsion 
motor connections for reasons given in Chapter III. 

The greater slope of the speed-torque curves of the single- 
phase motor as compared with that of the continuous current 
motor, which makes the variation in speed greater for a given 
variation in torque, has the general effect of requiring fewer 
control points with single-phase than with continuous current 
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motors. On the other hand, since the torque of the single- 
phase motor pulsates, it is not practicable to work it through 
as wide a range of average torque as the continuous current 
motor, unless there is an elastic link in the transmission to the 
driving wheels. Thus the difference in the number of control 
points is generally less than would be determined from con- 
sideration of the average torque only. 



CHAPTER V 


DISTRIBUTION SYSTEM 

The distribution system of an electric railway is defined by 
the Standards Committee of the American Institute of Electrical 
Engineers as '' that portion of the conductor system of an 
electric railway which carries current of the kind and voltage 
received by the cars or locomotives ’’ ; and, although it may 
be considered more logical to include in so general a term all 
gear between power-generating and power-using installations, 
it is in the restricted sense that the expression is used in the 
present chapter. The distribution system consists of two 
main elements : viz., the outward and return conductors 
paralleling the track, and a number of auxiliary elements, e.g. 
the feeders, the booster installation and the sectionizing 
switches. The forms taken by the several elements vary 
greatly, depending principally on the system of operation, on 
the voltage, and on the limitations imposed by existing 
structures. 

The Live Conductor. — track conductor which is not 
grounded should satisfy the general conditions of being, with 
its support and appurtenances, weU clear of the rolling structure 
gauge at every place, in aU sorts of weather ; and of being not 
only clear of all permanent structures itself but so placed that 
the collecting gear clears such structures everywhere, in all 
permissible conditions of repair of the parts and all states of 
oscillation to which the gear may be liable with the running of 
the train. These conditions are often very onerous when the 
electrification of an existing steam railway is in question, and 
sometimes render a somewhat objectionable form of construc- 
tion necessary, whilst almost invariably adding greatly to the 
expense. 
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The Return Conductor. — ^For return conductor it is usual 
to make use of the track rails, suitably bonded together for 
the purpose. These provide a simple means of taking the 
current from the moving train and make use of the conductivity 
of the track, thus furnishing a return conductor at compara- 
tively small expense. Sometimes the track rails are reinforced 
by means of an uninsulated conductor rail, bonded to the 
track at intervals, as in the Lancashire and Yorkshire Railway 
electrification. Most of the London underground railways 
have an insulated return rail, and this arrangement (although 
lacking the simplicity and convenience of return by track rail) 
has the merit of avoiding electrolytic troubles, and interference 
with grounded communication circuits. 

THE TRACK RETURN 

Track rails have some ten or twelve times the resistance 
of copper of equal cross section. They are bonded together 
by means of copper bonds to the extent of 50 to 100 per 
cent, of the equivalent copper cross section, according to 
the density of the traffic. The bonds, usually in duplicate at 
each joint, are preferably put under the fishplates. They are 
made as short as is consistent with flexibihty and are generally 
some 12 inches between terminals. The greatest practicable 
measure of flexibility is needed in track bonds in order that 
they may withstand the vibration of service and the movement 
of the rails due to changes of temperature : a ribbon type 
bond, formed of many strip conductors in multiple, edge-on 
to the rail and kinked to give longitudinal flexibility, is found 
to give best service. The ends of the conductors forming the 
bond are welded into suitable copper terminals which, in the 
process of installing the bond, are expanded mechanically 
into freshly reamered and cleaned holes in the web of the rails. 
The track rails thus bonded are connected together at intervals 
of about 100 yards by means of cross bonds, in order that 
effective use may be made of the whole available conductivity 
in reducing the voltage drop. The cross bonds may be of 
somewhat smaller section than the main track bonds, as 
their primary function is that of equahzation. It is common 
practice to bond round special work rather than through it, 
in some cases using special long bonds and in others making 
use of the continuous portions of the track itself : the cross 
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bonds required for this purpose being in the 
main circuit, must be proportioned accord- 
ingly. Cross bonds are usually solid, having 
their terminals formed from the conductor 
itself. Eig. 103 shows generally the special 
track bonding at a simple crossover. 

With continuous currents, the whole cross 
section of the rail is useful conductor, and if 
w is the weight of the rail in lbs. per yard, 
the resistance of each rail, including bonds, is 
usually between 4-5/t(; and 5*5/te; ohms per 
mile. With alternating currents, the outer 
skin of the rail only is eiSective conductor, and 
the resistance is accordingly very much greater. 
Its value in ohms per mile is approximately 
1-6 X y frequency/ (perimeter of rail in inches), 
this being the value of the average power loss 
in the rail divided by the mean square of the 
current. It is not in this case practicable to 
obtain the resistance by a measurement of 
voltage drop inasmuch as the alternating flux 
due to the rail-current affects the voltmeter 
lead and makes the voltage reading depend 
greatly on the position of this lead : accord- 
ingly a record of voltage drop conveys little 
information unless the position of the pilot 
wire with respect to the rails is defined. 

Leakage e.m.f. and Electrolysis. — The 
electromotive force tending to produce leak- 
age from the rails to the neighbouring ground 
is, in the continuous current system, the resist- 
ance drop in the rails. In the alternating cur- 
rent system there is an additional electromotive 
force due to the changing flux which tends to 
drive the current from the rails, and moreover 





o\ 


induces parasitic currents in neighbouring cir- I tr-f 
cuits. The leakage currents enter and leave 
the grounded conductors ; but the parasitic 
currents may complete their circuits within 
the conductors themselves. The earth gurreuts are usually 


Fig. 103. — Bonding at Simple Crossover. 
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very much larger in the alternating current than in the con- 
tinuous current system, and it is fortunate that an alternating 
current appears generally to produce less electrolytic destruc- 
tion than a continuous current of equal r.m.s. value. There 
is, however, some difference of opinion as to the electrolytic 
damage caused by the alternating current, some contending 
that it is about a half that of the continuous current, and others 
that it is much smaller than this. It probably depends more 
on the nature and dampness of the surrounding soil than is the 
case with continuous currents, for the corrosive damage which 
occurs during the half cycle that the current is leaving the 
conductor for the ground may, if diffusion is unable to take 
place, be partly repaired in the succeeding half cycle. If this 
view is correct, it would seem to follow that the lower the 
periodicity the greater the corrosion. However, it is probable 
that the impression that alternating currents are incapable of 
doing appreciable damage by electrolysis, is mainly due to the 
fact that they have not been used to any extent under tramway 
conditions, in towns, coupled with the fact that their use is 
comparatively modern in this connection, whilst evidence of 
corrosion accumulates slowly. 

Railway conditions, as distinguished from Tramway condi- 
tions, are not in general conducive to extensive electrolytic 
damage in neighbouring gas mains, water mains, cable sheaths, 
and other grounded conductors, for in the first place the track 
rails are not very effectively grounded, being carried on wooden 
sleepers laid on a ballast of broken stones, and in the second, 
any conductors liable to damage are generally at some distance 
from the rails, and do not usually follow the railway or join 
regions between which considerable difference of potential 
exists : for whatever the differences of potential in the rails, 
the differences in the earth at such locations as mains usually 
occupy are small, so that small equalizing currents which 
moreover generally escape to ground from an extended surface 
of conductor and so distribute the corrosion, are able to deal 
with them. The circumstances are therefore, in general, much 
less likely to lead to appreciable electrolytic damage than those 
which exist on tramways using the public streets where water 
and gas mains and the like may run for a considerable distance 
in close proximity to the imbedded rails. Restrictions 
imposed on the voltage drop in the rails in this case would 
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then/furr be unnuisonahh^ if ap[)liccl to railwiiyH. Tho Board 
of 1'raclo, wliicli litniiH the lasrmiHHible voltage (irop in tramway 
railn in thin count ry to a maximum of 7 voltn, apptjarn windy 
to tri*at railways in ac*corfiancf». with local circaimBtanccH, and 
does not in practica* HC't a chdinito limit to tliin drop; to l>o 
applied under all c-onditionn; for although the electrolytic, 
damage attribidable to the railwayn is UBually negligible, 
troubleHoine local j^robkang may arise, to be dealt with accord- 
ing to tlie locuil circumstanccH, 

Electrolytic (lorrosion.- Electrolytic; corrosion of pipes 

and otlier tnirtbed slructurcH occurs only where the current 
leavc'H tin; strucdin’es, and is ac<*ordingly to la; fearcal about the; 
negative pfaiioiis of mains and the; like; wbieJi haj)pen to join 
a posilivi* to a n**gativc» regidu. \Vhc»rc; tin; positive; r(‘gion is 
strirtly ka‘ab as where; a water main erossc^s tlu; railway, tlu; 
buriini Htrnetnn; may with advantage; be insulated locudly with 
a good coating futuimn e»r the like; ; but this is a dangerous 
expeslient for use in a negative; re^gion, for any defect in the; 
coating loeaii/.es flu* cairreesiem and does more; bai*m than good. 
»Sol^leti^m^H it may tie aelvantageaius to destroy the; eamtinuity 
of caunicetieiii of a iiiain, by iiieaitis eif insulateal joints ; but this 
expeelient slioukl be* usesl with <*antion, as its (;(Tc;ct is to 
loailira; the drofi in potential at the joints and possibly to cause; 
corrosifiii on tlie^ positive; siele the*re*of. d'hc parts Hubjc;ct to 
corrosieiri iniiy, if siiflieiemtly loeuil, be* fiondesl t.o a suitable 
renewable shield, denigiiee! to take* the (‘eirrosion which, would 
ritlKT^vise fall upon the st rueture*. In some; easels the structure 
may be !ioiieir*d dir«*elly tei the negative! tumbar at tlie Hide 
stiitioii ; but tliis f*%pf*el ent. whilst suitabk; for the; protc;ction 
of striietiiri*s of Inr'iil r*xterit, shouki be; Hc*rutini7.e‘<l carefully 
to Hf*i* whellier if imailves connection to mains whicli may 
I'firry a iif*giilive potent in! to a distance amt e;auHe,! the corroHion 
of Ollier iiiiiiiiH lipproaeliing ihcfn front positive regions. 1.1 h; 
bonding of sfruetures to the negative tmsluir is also likedy to 
invmmi* I lie leakage from the.* rails. 

Hie fiforeirifUifieaieel methods of protecting buried struc;ture« 
agiiiiist elf*fdjailytie cairreision are howaivcr of local applie.iition 
iiiid speeiiil um ; lust the restriction of the voltage; drop in the; 
groiitiiieci eciiidiietors in still a necessary safc»guard, altiiough 
llie valiic of the |M,irrnissibIe drop should depend upon local 
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conditions. A railway running in proximity to tidal water, for 
instance, is liable to return much of its current by way of the 
earth even with a small drop in the rails, and should accordingly 
be subject to special attention in this regard, whilst the layout 
of gas and water mains in urban districts should always be 
scrutinized carefully in relation to the railway system. A 
primary requirement in the use of a track return is that the 
bonding should be maintained in good condition, and many 
instances of excessive earth-currents have been traced to 
neglect of this precaution. 

Layout of Negative Feeders. — The limitation of voltage 
drop in the track may, however, have the undesired effect of 
making this the governing feature in locating the substations ; 
a consummation particularly likely to occur with high voltage 
;| systems, since the desirable drop increases in proportion with 

the line voltage. In districts where electrolytic trouble is 
!j feared accordingly it is necessary to consider the economic 

I advantages and disadvantages of employing means for taking 

current from the rails at selected points between substations. 

:i If the route has other tracks than those electrified, it may be 

, found desirable to bond these for use as uninsulated negative 

!; feeders, particularly in the neighbourhood of the substations ; 

l! but it is not usually economical to parallel the track for any 

great distance with cables. The feeder from the negative 
li busbar is, in railway work, necessarily a heavy conductor, and 

; is generally connected to the track as closely as practicable to 

[i the substation unless this proves an undesirable location for a 

I negative connection : in the alternative, the feeder or feeders 

I may be carried, insulated, to a distance, and connected to the 

track either at a single point or at a number of points situated 
on as many branches. By these means some control may be 
exercised over the voltage di'op at critical points ; but where 
a drastic reduction in the drop is required, negative boosters, 
taking current from the rails at some distance from the sub- 
stations, become necessary. 

TRACK BOOSTERS 

Boosters Excited by Positive Feeder. — The continuous 
current negative booster, as used in tramway work, is a 
f generator, excited by current which feeds the boosted section, 
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and driven by a suitable motor, which is usually worked by 
power from the main supply. The armature of the generator 
is connected between the negative busbar and the booster-line, — 
an insulated conductor connected to the track rails at the point 
where the current is to be abstracted. The booster is located 
in the substation. The generator voltage should be equal to 
the resistance drop in the booster-line, and should accordingly 
be proportional to the current. The booster should therefore 
be designed to run at low saturation in order that its character- 
istic curve may approximate to a straight line through the 
origin ; a certain amount of adjustment is, however, generally 
provided by means of diverters of the field current. A typical 
diagram of connections for a negative booster, as used in tram- 
way work, is shown in fig. 104. The method of feeding the line 

TRACK 
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Fig. 104. — Connections of Negative Booster for Tramways. I 

i 

in sections is however not in accordance with usual railway 
practice, for which it would prove somewhat expensive in 
copper, and the more usual methods of feeding are not well 
suited for the excitation of the booster fields. Usually there- 
fore a compromise has to be made, a section near the sub- 
station being fed independently, and a positive feeder being 
taken, through the booster field, to a more distant point of the 
conductor rail, as in fig. 105. If the substation is near a railway 

TRACK 






Fig. 105. — Connections of Negative Booster for Bail ways. 

station and the track is double, the conductor of the track by 
which trains come in from the direction of the booster-connec- 
tion (i.e. the conductor which generally carries but little current 
for supplying trains near the substation), may be fed through 
the booster field, and thus act as a feeder as far as the nearest 
sectionizing switch, as in fig. 106. In this way the strong 
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excitation of the booster by trains near the substation, causing 
the track at the booster-line-connection to become strongly 
negative, is avoided. Boosters of this kind have not been 
greatly used in railway work, for hitherto little sacrifice has 
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Fig. 106. — Connections of Negative Booster for Railways. 

been made in locating substations so closely as to keep the 
voltage drop in the track to a reasonable amount. The 
tendency is, however, towards increased voltages ; and, as the 
voltage is raised, a given drop becomes a smaller proportion of 
the line voltage, so that the substation system is more and more 
constrained by a limitation of voltage drop in the track rails. 

Dynamotor Type. — ^Another method particularly applic- 
able to high potential continuous current systems is, however, 
available for reducing the drop in the track rails.* In this, an 
insulated conductor is provided, connected at intervals to the 
track rails, and having between adjacent connections a source 
of e.m.f. just sufficient to overcome the voltage drop in the 
insulated line. The object is attained by means of a continuous 
current transformer or dynamotor, having ratio unity if all the 
return current is to be carried by the insulated line, and having 
one armature winding in circuit with the positive line con- 
ductors — a suitable section insulator being provided for its 
insertion — and the other winding in the return feeder. The 
armature rotates in a field excited in series with one of its 
windings. The dynamotor should be run at somewhat low 
saturation in order that the speed may not fluctuate greatly 
with the load. The machines may be put anywhere that may 
be convenient, the sectionizing cabins being generally appro- 
priate locations, and since they are self-starting and self- 
regulating they may be left in circuit, without danger, with 
little attention beyond occasional inspection and oiling. The 
effect of the arrangement, which is shown diagrammatically 
in fig. 107, is that a current equal to the line current is compelled 
to return by the insulated negative line, so that the voltage 
* See Patent 9856/1914. 
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Fig. 107. — ^Dynamotor Booster for Railways. 


drop in the track is merely that between the train and the 
neighbouring connection with the negative line ; the voltage 
drop in the negative line itself is transferred by the dynamotor 
to the positive line. 

Alternating Current Boosters. — Alternating current 
systems are able to employ arrangements for taking current 
from the track rails similar to any of those given for 
continuous current systems ; but that described last, with 
I unsaturated transformers of ratio unity taking the place of 

I dynamotors, is particularly suitable. Fig. 108 shows the 



Fig. 108. — Single-Phase Track Booster. 


I arrangement diagrammatically as applied to the single-phase 

; system; whilst fig. 109 shows its application to the three-phase 
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Fig. 109. — Three-Phase Track Booster. 


j system, and the similarity of these to fig. 107 wiU be obvious. 

Another arrangement, in which the insulated line carries the 
magnetizing current of the transformers whilst the rails them- 
selves carry the load current, is shown in fig. 110. The insulated 
j equalizing line is necessary to the success of the latter arrange- 
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ment, for without it there is nothing to ensure that the drop in 
the rails wiU be restored by the series transformers ; and without 
this restoration the device would be of small value. With dyna- 
motors in place of transformers a similar arrangement could be 
used in continuous current systems. 

The calculation of the effect of a certain booster system on the 
track drop presents no great difficulty other than that which 
arises from lack of knowledge of the circumstances, and 
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Fig. 110. — Single-Phase Track Booster. 


particularly as to what constitutes a typical bad condition of 
service. The estimation of this condition depends entirely on 
the circumstances ; but usually one or more trains can be 
considered as taking their maximum accelerating current, and 
aU other trains on the section as taking their average current. 
Although this loading may not give the worst condition arising 
in service, it is of that order and will serve as a basis in 
comparing booster arrangements. 

CONDUCTOR RAILS 

In the low voltage continuous current system, power is 
generally supplied to the trains from an insulated steel con- 
ductor rail, of composition specially adapted to give high 
conductivity. With this object it is made comparatively low 
in carbon and manganese, a normal composition for the 
purpose being approximately as follows : — 

TABLE 7 

Carbon. .... not exceeding '05 per cent. 
Manganese . . . . „ „ *25 „ ,, 

Phosphorus . . . . „ „ *05 „ 

Sulphur „ *05 ,, ,, 

Silicon ....... trace only 

The resistance of such a rail, bonded and installed complete, is 
usually from seven to eight times that of copper of equal 
cross section. The figures of an actual case may, however, 
prove of interest ; the conductor rail used by the London 
Underground Electric Railways was found to have the follow- 
ing composition : — 
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TABLE 8 


Carbon. ...... 

•05 per cent. 

Manganese . . . . . 

• *19 ,, ,, 

Phosphorus . . . . 

. -05 „ „ 

Sulphur ...... 

. -06 „ „ 

Silicon ...... 

. -03 „ „ 

The resistance of the rail itself proved 

about 6-4 times that of 

copper of equal cross section ; that of lengths of bonded rail, 


without special work, about 7-3 times that of copper, and that 
of the complete rail, including the jumper cables at special 
work, about 7*5 times that of copper. 


The area of cross section of a conductor rail is determined by 



Fig. 111. — Conductor Bails, Tube lines, U.E.B., London. 


the conductivity required ; but the section may have any 
shape which provides a contact surface appropriate to the 
method of collection of current, and is also convenient for 
installation. An approximately rectangular section is used on 
most of the London Tube lines (fig. Ill) : a channel section is 



Fig. 112. — Conductor Rails, Hammersmith and City Railway. 


used on the Central London Railway and the Hammersmith 
and City Railway (fig. 112) : a specially rolled, unsymmetrical 
rail (fig. 114) combining the advantages of under-contact and 
support from below, is employed on the Central Argentine 
Railway. A specially rolled section is also used for the side 
contact rail of the Lancashire and Yorkshire Railway (fig. 
116). In many cases there is no sufficient advantage in depart- 
ing from standard rail sections, which are readily procurable ; 
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Fig. 113. — Conductor Rails, Metropolitan District Railway. 


and the flat-footed or vignoles type of rail is most commonly 
used where the contact surface is on the top (fig. 113) ; whilst 



Fig. 114. — Under-running Conductor Rail, Central Argentine 
Railway. 


bull-headed rails are frequently used with under-contact shoes 
(fig. 115). 



Fig. 115. — Under-running Conductor Rail, New York Central Railway. 


The under-contact rail has the advantage of being protected 
from the weather better than the over-contact type ; and 
particularly of keeping its contact surface clear of ice, which 
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Fig. 116. — Conductor Rails, Lancashire and Yorkshire Railway. 
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sometimes causes trouble, even to the extent of stopping the 
traflic, where the contact surface is on the top of the rail. The 
under-contact rail is also the more easily and completely 
protected from accidental contact with track tools. The over- 
contact rail, on the other hand, besides being somewhat the 
easier to instal, is usually also the more easily designed to suit 
the available space. On most British railways, the roUing 
structure gauge at its lower part is only about 6 inches above 
rail level for a width of 8 feet or more (see fig. 116), and on some, 
the permanent structure gauge rises 3 inches above rail level. 
With such restrictions it is practically impossible to design an 
inverted rail, satisfying the conditions enumerated in the second 
paragraph of this chapter. A conductor rail, as long as it 
clears the rolling structure everywhere, and as long as the shoe 
contact surface clears all permanent structures, may be arranged 
with local sections of special construction, where the permanent 
structures would encroach on the rail, or its appurtenances as 
ordinarily constructed. For these reasons the top contact rail 
is practicable for British railways, but the under-contact rail 
generally req[uires modification in the gauges. Sir J. Aspinall’s 
side-contact rail (fig. 116) appears to combine some of the 
advantages of both types ; although extended experience 
alone can show whether all trouble from sleet is ehminated by 
its use. 

Collector Shoes. — Collector- shoes are of two general types, 
viz., the gravity and the spring type. The former is essentially 
an over-contact shoe, depending on its weight to keep it in 
contact with the rail ; the latter generally consists of a flap 
slipper which is pressed to the rail by springs, and can be 
designed to suit either over-contact, under-contact or side- 
contact rails. This type allows more complete protection of 
the third rail ; whilst, the moving parts being light, it keeps 
better contact at high speed than the gravity type. The shoes 
are usually mounted on oak beams carried on the axle-boxes, 
these providing the necessary insulation whilst being subject 
to but small vertical play. Collector shoes are usually designed 
to have a point of comparative weakness, so that the slipper 
portion alone may be broken off if any substantial obstruction 
be met. 

Conductor rails are often protected against accidental 
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contact either throughout their length or at stations and other 
accessible places only, the degree of protection depending on 
voltage as weU as accessibility. The protective covering is 
usually of wood, impregnated with creosote, but hard fibre, 
potware and channel iron have been used to some extent for 
the purpose. It is designed to conform with the type of rail 
and collecting gear, but the restricted space available often 
makes a satisfactory design a matter of considerable difficulty. 
Where gravity shoes are used, the protection usually consists 
of boards on one or both sides of the rail, standing a little 
above the contact surface and supported from the rail itself 
(see fig. 113). With spring shoes and top contact, the chief 
protection is supported above the rail, often, where suffi- 
cient space is available, by means of brackets mounted on 
the sleepers. With spring shoes and an under-contact surface 
the protection is often arranged to cover the toj) and extend 
down the sides of the rail, enfolding it closely and being sup- 
ported by it throughout its length. Other forms of protection 
are shown in figs. 114 and 116. 

The conductor rails are mounted on suitable stoneware 
insulators carried on the ends of the sleepers, which require 
usually to be made longer than the standard for the purpose 
of carrying them. It is necessary to arrange that the rail may 
have a certain amount of vertical play with respect to the 
insulator, for otherwise the depression of the sleeper, caused 
by the passage of a heavy train, puts the insulator in tension 
and is liable to cause its breakage. In long sections of rail 
thus loosely held, the alternate expansion and contraction due 
to temperature changes produces a tendency in the rail to 
creep bodily in one direction, particularly on gradients, and in 
the direction of the traffic. It is accordingly necessary to 
anchor such sections at intervals to large concrete or granite 
blocks set in the ground, and to allow gaps in the rails between 
anchorages in order to take up the expansion. The bonding 
of the conductor rail presents no peculiar features other than 
arises from the circumstance that, since it is not serving the 
additional purpose of a running rail, greater latitude is possible 
in the arrangements, the size of fish-plates and the location of 
the bolts being adapted to suit the bonding. The bonds used 
are generally shorter than those required for the running rails. 
The rails are generally chosen in as great lengths as possible 
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(about 60 feet) in order to reduce bonding. The intervals in 
the conductor rails, necessitated by the special work in the 
tracks, are bridged by means of cables which are brought out 
to suitable cable terminals and connected to the rails by means 
of bond terminals. Where such intervals occur it is usual, 
wherever practicable, to provide a length of rail on the opposite 
side of the track so that power may be kept on a locomotive 
continuously as it runs over the route, collector shoes being 
provided on each side of the locomotive with this in view. 
Eig. 103 shows the arrangement of conductor rails at a simple 
cross-over, with the location of feeder terminals. Suitable 
ramps are provided at the ends of each length of conductor 
rail, in order that the shoes may be brought to the contact 
surface without shock. Sometimes, where there is much 
special track work, as at large terminals, it is not possible to 
provide contact rails on either side of the track for considerable 
distances, and a length of overhead rail is used, special collectors 
being carried on the locomotives to take current from it. The 
overhead shoes shown in fig. 5 are intended for this purpose. 

Sectionizing. — The conductor rail is usually made of 
sufficient cross sectional area to carry all the necessary current 
without feeders in parallel ; for the cost of additional rail area 
is generally much smaller than that of separate feeders. The 
conductor is divided into sections of convenient length, the ends 
of which are taken to sectionizing switches located in suitable 
boxes or cabins, where they can be connected together in any 
desired manner. The principles to be observed in arranging 
the sectionizing switches are : firstly, that it must be possible to 
render any section of rail dead as occasion requires ; secondly, 
that it must be possible to render any section alive when any 
one of the contiguous sections is alive ; and thirdly, it must be 
possible to make certain desirable connections whose nature 
depends on the circumstances of the case. With regard to 
the last of these conditions, it is usually considered good 
practice, and particularly on busy suburban lines, to resort to 
what is known as single-hne feeding, according to which the 
conductor rails for different tracks are, in normal working, kept 
entirely separate one from another, for the whole distance 
between substations. This arrangement, whilst not making 
the most efficient use of the conductivity of the rails, has the 
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advantage of locaKzing a breakdown, a short circuit on one 
line opening the automatic switches for that line at the sub- 
stations without interfering with traffic on other hnes. Similar 
results might be attained by having automatic features on some 
of the sectionizing switches, and this is done where circumstances 
require it ; but as a rule it is preferable to locate all expensive 
and intricate switchgear in the substations where they can be 
kept under expert supervision. 

The switches ordinarily used for sectionizing are single-pole 
single-throw knife switches of the requisite current-carrying 
capacity. Eig. 117 shows diagrammatically a common feeding 
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^SECTIONIZING CABINS^ 

Fig. 117. — Sectionizing of Double-Track Line. 

and sectionizing arrangement for a double-track line, tbe 
switches marked X benig normally closed, and those marked 
0, open for single-line feeding ; on this figure is shown also a 
spur line with its conductor rail arranged to be fed from any 



Fig. 118. — Sectionizing of Three-Track Line. 

live conductor rail. Eig. 118 shows a usual arrangement of 
sectionizing switches for a three-track hne. The lengths of 
the several sections will vary greatly among themselves, being 
principally governed by the length of block sections, for it is 
expedient to locate the sectionizing switches in or near to 
signal cabins, where telephonic instruction can be given for 
operating them, in order that a fault may be located, or a 
defective section cut out with the least possible delay. The 
circumstances which require short block sections usually make 
short conductor rail sections also desirable, and junctions are 
particularly favourable locations for the sectionizing cabins. 
Sidings and tracks intended for occasional use generally have 
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their conductor rails connected to those of main tracks through 
isolating switches, whether at sectionizing cabins or otherwise. 

Limits of Conductor -rail Operation. — The side contact 
conductor rail used on the Lancashire and Yorkshire Railway 
is designed for and operates at 1,200 volts, and an inverted or 
under-contact rad is used by the Central California Traction 
Company at this voltage. With adequate insulation and 
protection there appears no reason why a conductor rail should 
not be used at even higher voltages if economy can be thereby 
shown. The Michigan Railway indeed put in a conductor- 
rail installation at 2,400 volts, but it did not prove a success, 
on account of voltage kicks on change of current, with conse- 
quent motor failures, and the pressure has been changed to 
1,200 volts. As the voltage increases, the cost of installation 
necessarily increases also ; but for moderate voltages the con- 
ductor rail is a much sounder and more lasting mechanical 
construction than any other form of line conductor of equal 
cost. The chief objection to it, from the point of view of the 
electrification of existing steam railways, is that it introduces 
a new element of danger in the work of an existing permanent 
way department, and thereby conflicts with the natural 
conservatism of officials. This objection, however, is likely 
to appear larger before the electrification has taken place than 
when use has made the conditions familiar. 

OVERHEAD LINE CONDUCTORS 

For alternating current and other high voltage systems, it is 
necessary to carry the line conductors above the loading gauge, 
suspending them from transverse members of structures 
erected for the purpose. The line conductors in this form are 
characterized by great flexibility and the collector gear on the 
train is given a wide range of action. The location of the hne 
conductors, which in this case are known as trolley wires, 
depends on considerations to which reference has already been 
made ; but, as long as they clear the rolhng structure gauge 
at all times and places, it is by no means necessary that they 
shall be everywhere within the permanent structure gauge ; it 
is sufficient that they clear existing structures as met with ; 
since elsewhere the variation in the collector gear permits 
considerable choice in the position of the contact surface. In 
this particular, as in its flexibihty and overhead location, the 
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trolley wire is distinguished from the conductor rail, wdth its 
rigid contact surface and invariable location with reference to 
the gauge. Anything in the nature of local rigidity indeed 
should be avoided, particularly on lines intended for high 
speeds, for it is at such hard spots that arcs are drawn, which 
cause rapid destruction of the conductor. Care must therefore 
be taken that the wire has vertical flexibility at all places, and 
the method of support in particular must be designed with this 
necessity in view’. Eor a similar reason, rapid variation in the 
height of the trolley wire must be avoided where high speed is 
attained, and the arrangement must be so devised that the 
inevitable variations due to temperature changes, or those 
rendered necessary by the presence of permanent overhead 
structures, take place over a comparatively great distance, the 
ratio of this distance to the variation in height being made the 
greater the higher the speed for which the hne is to be used. 

Catenaby Suspension. — ^The above considerations, together 
with a desire to reduce the number of main supports, which are 
apt to obscure the view of signals, have been effective in making 
the so-called ‘‘ catenary ’’ type of suspension the universal 
choice for railway work in the open, in spite of somewhat 
greater difficulty of installation and adjustment, as compared 
with the usual tramway forms of construction. In catenary 
suspension, the trolley wire is hung from one or more messenger 
cables, usually of steel strand (but sometimes of bronze, as on 
the Riksgrans line), which follow the line of the tracks and are 
carried directly on the main supports. The details of the 
overhead work vary greatly, but two main types may be recog- 
nized : viz., the single catenary, which uses one messenger 
cable, and the double catenary, in which the trolley wire is 
supported from two cables running side by side. The latter 
of these constructions, which is used on a few railways of early 
date, has not been found to possess any advantage to justify 
its greater cost : it is accordingly no longer used in new 
installations, and need not be considered further. Single 
catenary construction takes several forms of which the simplest 
is chief. Sometimes, as on the New York, Westchester and 
Boston Railway, a large primary catenary is used, supporting 
two secondary catenaries, which in their turn support the 
trolley wire. Sometimes, as on the Shildon-Newport line, the 
catenary supports an auxiliary straight wire from which the 
trolley wire is suspended by means of looped hangers ; the 
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form of a single bar in the form of a bow, mounted on the 
pantagraph and erected by means of springs. With this 
arrangement, small irregularities in the trolley wire are followed 
by the light bow, the pantagraph responding principally to the 
larger variations. Sometimes the sliding collector is carried 
I on a large bow instead of a pantagraph, and in this case also an 

j auxiliary bow for following small irregularities in the line 

conductor is frequently employed. Sometimes, in order to 
increase the capacity of the collector, two auxiliary bows are 
carried by the pantagraph or main bow. Sometimes, again, a 
number of contact strips are carried, side by side, fixed in a 
pan of sheet steel, borne by the pantagraph, and this type can 
be designed to collect any current that the trolley wire can be 
used to carry. The renewable contact strips are often made 
of aluminium, to which a small quantity of copper is added 
for the purpose of hardening it. The surface is usually 
lubricated by means of a mixture of grease and graphite, 
contained in a groove running the length of the strip. Lubrica- 
tion not only reduces the wear of trolley wire and collector, 
but improves the collecting quahties, apparently by reducing 
the tendency of the rubbing surfaces to chatter ; it also seems 
to render sleet more easily detached from the troUey wire. 
In the pan type of collector, wearing strips of copper have been 

( found preferable. Having a number of contact strips in 
multiple, the pan collector requires a much greater upward 
I pressure than the bow collector : it in fact depends for con- 

1 tinuity of contact on actually lifting a short section of trolley 

^ wire, whereas the bdw collector is intended rather to follow 

I the irregularities. The sliding collector, in all its forms, is kept 

I in contact with the line conductor by means of springs, which 

I are usually brought into action pneumatically, compressed air 

for raising the collector being taken from the main reservoir. 
Usually, on releasing the pressure, the collector falls by gravity, 
j assisted by the springs ; but sometimes it is arranged to lock 

with extended springs and must be tripped to bring it down, 
a pneumatic device being used for this purpose. The whole 
collector is mounted on insulators carried on the roof of the 

( locomotive. 

Capacity. — A single contact bow collector having an 
aluminium wearing strip can collect up to about 150 amperes 
I for short periods at low speeds, and up to 50 amperes at speeds 
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of 50 or 60 miles per hour. With copper wearing strip about 
double the above current can be collected. With multiple 
contacts the capacity is increased in proportion. The pan 
type collectors used on the Chicago, Milwaukee and St. Paul 
Railway, which have a double pan with copper wearing strips 
and work on a double trolley wire, have been proved capable 
of collecting up to about 4,000 amperes at 15 m.p.h. and up 
to 1,500 or 2,000 amperes at 60 m.p.h. without appreciable 
arking. This was probable under test conditions as no such 
current is required in service. 

Zig-zagging or Trolley Wire. — ^A collector of sufficient 
delicacy to be used for taking current from a trolley wire at 
high speed requires to have its surface of contact continually 
varied, for as this surface approximates to a point, the local 
pressure is very high, as is the current density ; and a short 
distance run over a fixed point in the collector will cut a groove 
in it, whatever the material of which it may be made. The 
rolling contact provides for this change of surface naturally, 
but the sliding contact requires suitable variation to be made 
in the location of the trolley wire to ensure it. Accordingly, 
it is necessary to zig-zag the trolley wire from one side to the 
other of the track centre when a sliding contact is employed. 
The amount of transverse motion needed has been determined 
by experience as about 1 per cent, of the train motion, so that 
the trolley wire moves one foot across the collector for every 
100 feet travel of the train. The swaying of the locomotive 
also tends to prevent local wear of the collector. 

There are certain differences between European and American 
practice in catenary construction which it may be well to 
note here. In general, American methods appear the simpler, 
from the point of view of the construction gang, but perhaps 
hardly take full advantage of the nature of the work to secure 
the best results from the point of view of the operator. 
European overhead work, on the other hand, generally gives 
the impression of having been very carefully thought out and 
designed to meet the conditions of railway work, but often 
introduces refinement which appears to exceed practical 
necessity. 

American Overhead Work. — ^In America the messenger 
wire is usually installed in spans ranging up to 150 feet in 



DISTRIBUTION SYSTEM 225 

length. Sometimes this is supported 
from a second messenger of double the 
length, which is carried on the main 
supports, but usually the spacing of the 
main supports corresponds with the 
length of span of the primary messenger 
wire. The messenger cable is carried on 
petticoat insulators to each of which it 
is clamped. The trolley wire is sus- 
pended from the messenger cable by 
hangers of looped form, which are de- 
signed to be raised from the messenger 
cable under the pressure of the panta- 
graph. The hangers are generally spaced 
about 15 feet apart on each trolley wire, 
and are accordingly at a half this dis- 
tance on the messenger when a double 
trolley wire is used. The trolley wire is 
anchored at intervals of about half a 
mile, but except on curves, is not sys- 
tematically anchored against lateral 
movement, although occasional steady 
braces are introduced. In the less de- 
veloped regions, wooden poles, having 
T-iron side brackets, are often used as 
main supports for the overhead work ; 
sometimes the poles are located in pairs 
connected by span wires of steel cable, 
and with this construction the live con- 
ductors may be insulated by means of 
disc insulators. In the more settled 
regions, lattice poles with side arms, or 
light gantries are used. Typical Ameri- 
can overhead work is shown in fig. 119. 

European Overhead Work. — In 

Europe, the overhead work is generally 
installed in spans as long as the current 
collector will permit, sometimes reaching 
100 metres (328 feet) on straight track. 

The trolley wire is anchored in the middle 
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Fig. 119. — American Overhead Work. 
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of each, section of about a kilometre, and is kept under constant 
tension at all seasons by means of weights arranged to exert a 
pull on the free ends. It is also anchored against lateral move- 
ment at each catenary support, and by this means the lateral 
deflection is kept within bounds in spite of the use of long spans. 
In some forms of construction the messenger cable is clamped 
to the insulator at each support, in others it is allowed longi- 
tudinal movement with temperature variation, being kept 
under constant tension by means of weights acting on its 
ends. 

In one form of construction, the trolley wire instead of being 
suspended directly from the messenger cable is supported by 
an auxiliary wire running the length of the line and suspended 
from the messenger cable by means of vertical hangers attached 
to both lines. The trolley wire is hung from the auxiliary wire 
by means of loops which allow the former to rise under the 
pressure of the collector, and also permits longitudinal motion 
to take place with change of temperature under the action of 
the tension devices. In this system, the messenger cable is 
attached to the insulators carried on the main supports ; the 
variation in sag of the catenary accordingly produces a varia- 
tion in height in the trolley wire at the centre of the span. Eig. 
120 shows the arrangement in question. In another form of 
construction, both trolley wire and messenger cable are put 
under appropriate constant tension, so that there is no seasonal 
variation in the sag. The messenger cable is in this case carried 
on a freely turning bobbin insulator, on which it lies without 
being attached to it. This is the principle of the arrangement, 
but in the actual construction, as it is used on the Dessau- 
Bitterfeld line, and shown in fig. 121, a third wire is introduced, 
the so-called span wire which is attached to the messenger 
cable near its two ends. This is said to have the effect of 
ensuring uniform tightening in the messenger cable. The 
messenger cable is not actually carried over the insulator, but, 
together with the span wire, is allowed to hang below in a loop, 
to which the trolley wire is attached. A length of special 
suspension cable is employed to pass over the bobbin insulator, 
and disc strain insulators are introduced in this, giving double 
insulation from ground. By these means it is sought to ensure 
a uniform height of trolley wire at all seasons, but it would 
seem that this end is not completely attained. Near to the 
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free end, where the tension devices are placed, and which is 
500 metres from the anchorage, the whole construction, trolley 
wire, hangers, messenger cable and span wire moves a foot or 
more longitudinally between summer and winter ; and in so 
moving the hanger on one side of a main support is raised, whilst 
that on the other side is lowered, producing a local slope in the 
trolley wire quite comparable with that due to the sag in a 
catenary tied to its supports. In yet another form of con- 
struction, seen on the Eiksgransen line, the overhead work is 
carried on side brackets which are devised to swing about the 
poles. Both messengers and trolley wire are anchored in the 
middle of a section and kept under tension by means of appro- 
priate weights applied to the free ends, the seasonal variation 
in length being taken up by the swing of the brackets. 

Observations on Overhead Equipment. — In designing 
an overhead equipment for an electric railway, it makes for 
economy and conduces also to the clearer view of signals, to 
have the catenary spans on straight track as long as practic- 
able ; for the stresses in the parts are not the limiting features 
in economical design, but rather the lateral deflection of the 
trolley wire due to wind, and possibly the vertical deflection 
due to change of temperature, effects which vary as the square 
of the span. The former is reduced by lateral anchorage of the 
trolley wire at each catenary support ; and by keeping the 
trolley wire under considerable tension in all seasons. Increase 
of tension in the messenger wire also tends to reduce the 
deflection due to wind, but this expedient leads to greater 
vertical variation due to temperature, so that the best com- 
promise must be sought. The length of span, in its effect on 
lateral deflection, is limited by the design of the collector gear ; 
and this may on the one hand be limited by the type as effecting 
practicable design, and on the other by existing tunnels and 
overhead bridges. The necessity for reducing vertical variation 
in the height of the trolley wire becomes the greater the 
higher the speed of operation and the greater the frictional 
resistance to deformation in the collector-gear. The inertia 
of the collector-gear may also have some effect, but this is 
probably negligible in the case of variations now under con- 
sideration. It is the rate of longitudinal variation of height 
that should everywhere be kept within bounds ; the actual 
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height may vary between comparatively wide limits without 
detriment as long as the variation takes place sufficiently 
gradually. Tension in the trolley wire tends to reduce the 
variation in height due to the variation in sag of the messenger 
cable, relieving this cable of weight at the centre of the span 
in warm weather, and adding it towards the ends, thus tending 
to act as a compensating device. 

Equation of Sag. — ^Let fig. 122 represent a span of cable 
or wire hanging freely between fixed points A and B with 
maximum sag, 6*. Let I be the length of the span, and V that 



Fig. 122. — Diagram of Catenary. 


of the wire itself. As long as the sag is small compared with 
the span, the form of the curve taken by the wire may be taken 
as a parabola of equation : — 

^ y . . - . (1) 

Accordingly : 
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r = 2 f 

l 

= 2 j^[i + 

r 8 

= 1 + 3-^1 approximately . . . (2) 

Let T be the tension per unit area at the centre of the span, 
in gravitational units, A the area under tension, and w the 
density of the material. Then the weight of the half span, 
or the vertical component of the tension, is : 



giving : 

sT =w^ . . . • ( 3 ) 
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The tension is practically constant throughout the span. If 
in consequence of an increase of tension dT the length of 
the wire is increased by dV, then (E being Young’s modulus 
of elasticity) : 


(7T 



= E 


I 


or : 

dV =ldT . . . . (4^ 

E 


If the temperature rises by dt, the length of wire increases by 
aldt, where a is the coefficient of linear expansion. The total 
change in length of the wire is therefore : 

dV = 1 dT + aldt . . . (5) 

E 


Hence if the suffix o indicates any initial condition : 

r-r, =|(T-TJ . . (6) 

Putting V and T in terms of the sag by equations 2 and 3 : 



This equation is fundamental, and gives the relation between 
the sag and temperature for any length of span. The effect 
of the elasticity of the wire, represented by the second set of 
terms on the left hand side, is considerable and cannot be 
neglected even as a first approximation. The minimum sag 
corresponds with the maximum permissible value of T, and 
is given by equation 3. 

The above equations are applicable approximately to 
catenary construction with suitable modification in the values 
of the constants. E and a now apply to the material of the 
messenger cable, but is a fictitious density, being equal to 
the weight per unit length of the whole span— messenger 
cable, hangers and trolley wire — divided by the area of cross 
sections of the messenger cable alone. As an example, take 
the case in which w = lbs. per cu. inch, corresponding to a 
trolley wire of about 30 per cent, greater cross section than 
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the messenger cable. Take a maximum working tension T„ 
of 10 tons per sq. inch. Equation 3 then gives ; — 

_ -7 _ 1 

P 8 X 22,400 256,000 

Taking E for stranded steel cable as 25 x 10* lbs. per sq. in. 
and a as 0-65 x 10~“ per deg. F., equation 7 can be written 
in the form : 

t-t,= 5-91 X 10-=Z2 {x^ - a;/) + ~{x - aj . (8) 

X^o 

where a: = lOV^^ = 10\/P = 3-906 

Equation 8 gives the sag at any temperature and equation 3 


J2 ac 

Z uj O 

^ Ql. < 
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Fig. 123. — Curves of Sag and Tension. 

the corresponding tension in the messenger cable. The results 
are plotted in fig. 123 for spans from 100 feet to 300 feet. It 
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of the engineer. As regards the former, it may be noted that 
the wire is lifted by the collector to a somewhat greater extent 
at the centre of the span than at its ends ; thus a small sag 
at normal temperatures is not objectionable. As regards the 
latter, the material of the trolley wire should not approach 
the yield point under the most stringent working conditions. 
Fig. 124 shows the tension and sag of the messenger, and the 



TEMPtRATURC 

Fig. 124. — Curves of Sag and Tension allowing for Tension in Trolley -Wire. 

tension of the trolley wire, as computed from eq^uations 10, 11 
and 12, from the data : = 0°F., f = 32° F., T/ = 16,000 

lbs. per sq. inch, E' = 16 x 10® lbs. per sq. inch, a' = 0-95 x lO"”^ 
per deg. F., A' = 1*3A, with other data as before, viz., 
w = 0-7 lbs. per cu. inch, T = 22,400 lbs. per sq. inch, 
E = 25 X 10® lbs. per sq. inch, a — 0-65 x 10“^ per deg. F. The 
differences between figs.’ 123 and 124 are quite appreciable. 
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In the above example the maximum tension in the trolley 
wire has been taken at 16,000 lbs. per square inch, which is 
perhaps as near to the yield point as it is advisable to go. 
The wire nevertheless becomes slack at. a little over 100° F., a 
temperature that might easily be reached under the combined 
influence of the sun and current. A little slackness does not 
interfere with good operation, being taken up to some extent 
in the yield of steady braces and curve pull-offs, but it may 
nevertheless be inferred that a copper trolley wire, under the 
conditions assumed, which are by no means abnormal, is 
employed to the limits of practicability. In American prac- 
tice the tension imposed in installing the trolley wire is greater 
than is shown in fig. 124. The cold of the first winter, in fact, 
usually causes considerable yielding, and subsequent winters 
stress the wire to the yield point. The objection to this 
practice arises from the fact that the yielding of the whole 
section between anchorages is to a large extent concentrated 
at the weakest spot, whether the weakness be due to local 
wear or to defective material : eventual breakage of the trolley 
wire is therefore to be feared, and this under conditions un- 
favourable for repair work. The European practice of keeping 
approximately uniform tension on the trolley wire, although 
less simple than the other, is not only the more scientific but 
also the more rehable. On the other hand, there seems no 
sufficient reason for introducing the complication of a uni- 
formly stressed messenger wire. 

The Erector’s Problem. — ^The curves of figs. 123 and 124, 
although of much interest to the engineer as showing how the 
quantities depend on one another, are not of great use to the 
erector of the overhead line : for since this is a compound 
structure it is not practicable to erect it in one operation. 
The problem as it confronts the erector is, first, that of putting 
up the messenger cable in such manner that, when subsequently 
weighted with the trolley wire, it may have the sag and tension 
appropriate to its temperature ; and afterwards of putting up 
the trolley wire with the correct tension. 

Let the suffix 1 distinguish quantities relating to the messen- 
ger cable when free of the troUey wire. Let Xw be the weight 
of the messenger cable, w being as before that of the complete 
line, both referred to unit volume of the messenger. In hang- 
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ing the trolley •wire the tension in the messenger is increased 
by (see equation 3) : 

T-Ti=---^i^ . . (13) 

8 s 8 Si ^ ' 

and its proportional length by (see equation 2) ; 


8/s^ _ 

3Vr^ J 


8EV7 


-) 

sj 


From equations 7 and 14 : 

8 7o/«§i^ sJ‘\ . w / 


3 VZ* SE\s^ sj ■ 


(14) 


(15) 


Since 5^ is given by equation 3, being supposed known, 
equation 15 determines the sag required. If it be desired to 
take account of the effect of tension in the trolley wire, the 
equation for Si takes the form (see equation 11) : 


® n(^J~ _ , w /P 

3 l*J 8EV 




/ AE Vs. / 


8EVs„ Sx' AE ''S„ 
= a(« — h) 


(16) 


Here Si and are obtained as before from equations 10 and 
11 with t =t'. The problem is therefore readily solved in 
this case also. Fig. 125 shows the initial sag and tension of 
the messenger deduced from equations 3 and 16, and corre- 
sponding to the case of fig. 124, in which A = 0*4. Fig. 126 
puts the same results in more workable form for the erector, 
the trolley wire being taken as 0*5 inches in diameter and its 
tension taken from fig. 124. 

Although great elaboration in calculation or fineness in 
adjustment would be wasted in work of this nature, inasmuch 
as the settling of supports and acquisition of permanent strains 
destroy the initial adjustment, it is both expedient and desir- 
able to carry out the work with knowledge of the effect of the 
season’s changes. Such a set of curves as are given in fig. 126, 
computed from data appropriate to the circumstances, should 
be at the disposal of the erector if a great deal of subsequent 
adjustment is to be avoided. 

Sag on Gradients. — ^The sag is naturally measured as the 
difference between the height of the support and the height 
of the wire at the centre of the span. If the supports differ 
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in height, the mean should be taken. If the span is on a 
uniform gradient the measurement of sag is unaffected and 
should be taken at the centre, it being a property of the para- 
bola that the vertical through the centre of a chord cuts the 
curve at the point of contact of the parallel tangent. If, 
however, the gradient changes within the span a correction 
for the height of wire is needed. If there is length of 



0 10 20 30 40 50 60 70 OO 90 100 

TEMPERATURE ‘F 

Fxg. 125. — Curves of Initial Sag and Tension in Catenary. 

gradient (Xi, and length Zg of gradient a 2 in the span, the level 
from which the height of the wire should be measured is 
I { 1 1(^1 + ^^2) above the first support. The actual measure- 
ment is taken from level ^ {li -f assuming the centre 
point to be on the first gradient. The apparent sag should 
therefore be increased by I — Ui). The lengths of the 
trolley wire hangers are not affected by gradients and vary 
with y in equation 1 , in which the sag should be taken as s’, 
or that corresponding to straight trolley wire. 

There is room for a considerable amount of rough calculation 
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in connection with, the special work, which, however, is for the 
most part contained in the rule that a particular catenary 
(or a particular value of l^/s') should be maintained through- 
out a section. If an overhead bridge intervenes, necessitating 
the making-off of the messenger, the attachment should be 
made where the normal catenary reaches the bridge. If, as 
is very common, it is necessary to lower the trolley wire at the 
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Fig. 126. — Curves of Initial Sag and Tension in Catenary plotted against 

support spacing- 


bridge, the approach should be made at uniform gradient a, 
the more gentle the higher the speed of operation. At the 
same time the spacing of supports should be reduced by 
approximately V^a/4:s', the height of the supports following the 
gradient of the trolley wire. Many of the curves on railways 
req[uire no sjiecial work other than steady braces or side 
anchors at each support, and few require more than one 
intermediate pull-off. 

Effects of Wind on Catenary. — ^If a wire hang^ in ^ long 
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span, the wind is capable of deflecting it considerably from 
the vertical position, and the matter should be studied carefully 
in devising overhead line conductors. If v is the wind velocity, 
in miles per hour, and d the diameter, in inches, of smooth wire 
hung normal to the direction of the wind, the horizontal 
pressure on the wire is approximately 0*002 vH/14,4: lbs. per 
inch length, or 0*0025 «;2/144d lbs. per cubic inch. These 
figures should be increased by 25 per cent, for stranded cable. 
Eor smooth wires, then, the span is deflected from the vertical 
by an angle, 6, whose tangent is 0*0025 v^/\^4c dw, and the sag 
is increased to correspond with density w sec 6. If the tension 
on the wire is maintained constant, the vertical sag remains 
unchanged and the horizontal displacement at the centre is 
(see equation 3) ; 


s sin Q 


w sec 0 P 
8 T 


sin 0 


wP 

8T 


tan 0 


. (17) 


Thus if ™ 60 m.p.h., d *5". T — 7,000 lbs. per sq. inch, 
I 200 feet, the horizontal displacement is about 13 inches ; 
and it w = *32 lbs. per cu. inch, 0 == 21|- degrees. If the 
catenary is fixed at the ends, the tension is increased by the 
wind pressure and the horizontal displacement is then less 
than is given by equation 17, and greater than s sin 0, where 
s is given by equation 7, The true value for s is indeed given 
by the equation 7, with w sec 0 written for w. 

The deflection of a trolley wire carried by a messenger and 
allowed to swing freely, can be approximately determined by 
similar means. Using notation in the sense already indicated, 
with as diameter of trolley wire and d that of messenger, 
assumed stranded, and taking moments about the line of 
supports^ since the centre of pressure of the catenary is one- 
third of the sag above the lowest point : 


tan 0 


0*0025«;2|2*5 
I4:4cwd ( 3 


+ 


d' 


/(I 


i'^) ■ 


(18) 


Thus for the conditions of fig. 123 the horizontal displacement 
in an 80 m.p.h. gale is more than 80 per cent, of the sag of the 
messenger. It is clear, therefore, that a freely swinging trolley 
wire is impracticable where long spans are to be used. The 
dividing line between anchored and freely swinging trolley 
wires depends on the length of the current collector, but spans 
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of 200 feet and upwards are usually anchored against side 
movement at each support, whilst spans of 150 feet or less are 
generally free, except for occasional steady braces intended 
to prevent cumulative oscillations. 

If the trolley wire is anchored at each support, the jproblem 
becomes more difficult, but an approximation to the extreme 
deflection is given by the following formula : 


tan 6 = 


0-0025t;Y2-5 d'\jf2 T'A\ 
lUwd Is TA/ 


(19) 


The desirability of keeping tension on the trolley wire, particu- 
larly where long spans are used, is apparent from this equation. 

In order that wind may have as little deleterious effect as 
possible the trolley wire should be hung so as to be in its 
central position at the centre of the span. Thus on curves 
the wire should be arranged as a series of tangents to the curve, 
rather than as a series of chords. If the wire is zig-zagged 
about a central position the displacement so produced must 
be added to that due to the wind. With the wire anchored 
laterally at the supports the maximum displacement from its 
central position may be greater than that due to the wind. 
If j/i is the maximum deviation due to wind, and that due 
to zig-zagging, then, provided that is less than 2 ^/ 1 , the 
greatest deviation from the central track line is : 



In the alternative, the maximum deviation is ^ 2 * 


Design and Methods of Construction of Overhead 
Work. — The general considerations entering into the design 
of overhead line work having been discussed, little need be said 
here of details of construction, of which there is great variety. 
The main insulation is usually of porcelain, although in the 
United States strain insulators of treated wood are used for 
pressures below 4,000 volts. Double insulation from ground 
is frequently provided. The main supports may consist of 
lattice-poles with cross girders, lattice or wood poles with cross 
spans, or for single lines, poles with side brackets. Cross 
girder construction has been hitherto most extensively used 
for main line work, with more than one track, but cross spans 
of galvanized steel cable appear to be gaining in favour. 
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principally on account of their being less costly, and obstruct- 
ing the view of signals less than other forms of construction. 
In cross span work, moreover, the insulation can be effected 
entirely by means of porcelain strain insulators of the disc 
type, and these form very satisfactory insulation in that the 
stresses in them are purely compressive, and breakages after 
installation are likely to be few. Section insulators are very 
easily provided, being formed by carrying the two sections of 
trolley wire side by side for a short distance with an air space 
between them, the sections being bridged by passing collectors. 
The trolley wire is led off at junctions in a similar manner. 
Slight curvature in the line does not usually require any special 
work other than careful attention to the lateral anchorage of 
the trolley wire at the supporting poles, but greater curvature 
may necessitate pull-off arrangements of type similar in 
principle to those in common use on tramways. 

Bbidge Wobk. — The installation of the trolley wire under 
existing bridges or in tunnels is frequently a matter of great 
difficulty on account of the small clearances available between 
maximum rolling loads and permanent Btructures, in the 
design of which the possibility of interposed high voltage 
conductors was not contemplated. The problems presented 
by these overhead structures require individual consideration, 
and often tax the engineer’s faculty for compromise to the 
utmost. In some cases by careful study of the clearances, it 
is found possible to introduce the conductor and design a 
collector to work with it. In others the collector is run through 
on two wires, in order to define its clearance more exactly. In 
others again it is found necessary to lower the tracks in order 
to provide greater headroom. In yet others, the clearances 
are so small and the difficulties of lowering the track so great 
that a dead section has to be introduced beneath the structure, 
through which the trains coast without taking power. Practic- 
ally all steam railways in this country would, if electrified 
and employing overhead lino conductors, be restricted with 
respect to the length or position of collecting devices by 
existing structures, and costly as the restriction would prove, 
on account of the limitations it imposes on the overhead work, 
it would usually be found less costly, if less satisfactory, than 
the change in the structures necessary to remove it. 

TniiJ Tbolley WiBE.“The trolley wire is generally com- 


DISTRIBUTION SYSTEM 


241 




posed of hard drawn copper of grooved section. Where large 
currents have to be collected, as on the Chicago, Milwaukee 
and St. Paul Railway, a double trolley wire is employed, and j t 

the two wires may be suspended from a single messenger cable. ] j 

In one case, viz. that of the New York, New Haven and ^ | 

Hartford Railroad, a steel wire has been installed which takes j I 

the wear of the current collectors, the original copper wire 
being used simply to carry the current. This arrangement 
was however primarily intended to add flexibility to the 
overhead line. The messenger cable is usually composed of 
stranded galvanized steel wire, although cables of stranded 
bronze wire are sometimes used, these being less liable to 
corrosion and having smaller electrical resistance than the 
steel wires. However the mechanical characteristics of steel 
wire usually give it the advantage for the purpose, even when 
the use of bronze wire would save the expense of extra feeders. 

Sectiokizing. — Like the conductor rail the trolley wire is 
divided into sections for isolating purposes ; in fact where the 
trolley wire is kept under definite tension, it is necessary, as 
already explained, to break its continuity at intervals of 
about a mile, and advantage is taken of this circumstance to 
insert isolating and interconnecting switches at the points 
of section. Single line working is the rule on high voltage 
railways ; at certain places however the lines may be con- 
nected in multiple for the purpose of introducing track 
boosters, but even this can be avoided by the use of separate 
boosters or separate windings for the several lines. 

Three-phase Systems. — For a three-phase system of dis- 
tribution two overhead wires are necessary, and since these 
must be suspended so as not only to be clear of structures and 
of each other everywhere, but also so that each may always 
clear the current collectors of the other phase, whilst all current 
collectors must always clear the permanent structures, the 
difficulties of installation are much greater than when a single 
overhead line only is necessary, and the limits of practicable 
deviation correspondingly reduced. The spans must accord- 
ingly be short ; and the trolley wire anchored frequently 
agamst lateral displacement, and pulled-off duly on curves. 

The special work at turnouts and the like is comphcated by 
the crossing of wires of different phases, requiring many insu- 
lated sections. The difficulties of installation indeed make a 

B 
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formidable obstacle to the use of a polyphase distribution 
system in the neighbourhood of large towns where much 
special work exists, and confine its sphere of usefulness to 
simple and isolated railways. 

INTERFERENCE OF DISTRIBUTION SYSTEM WITH 
NEIGHBOURING- SYSTEMS 

The distribution system of an electric railway affects neigh- 
bouring electric systems by induction, both electrostatic and 
electromagnetic, whilst leakage currents from the track or 
hne conductors may enter directly into other systems which 
are inefficiently insulated or which make use of the earth for 
conduction. In particular electric railways in some cases 
interfere greatly with the operation of telegraph and telephone 
systems which parallel them, even to the extent of preventing 
service entirely. Telegraph systems are usually worked with 
grounded return, and although requiring in general an appre- 
ciable working current, are liable to interference from stray 
earth currents. Telephone systems, on the other hand, 
generally use an insulated network, but so sensitive is the 
telephone receiver and human ear as a detector of alternating 
currents, that interference due to induction or leakage is 
extremely difficult to eliminate. 

Continuous Current Railw^ays. — ^Interference with weak 
current systems is not serious in the case of railways worked 
by continuous currents. In the early days a certain amount of 
trouble was experienced with telegraph instruments due to the 
earth currents ; this was effectively eliminated by inserting 
resistance in circuit with the instruments, and increasing the 
battery power for working the telegraphs. At present the 
instruments used have themselves a high resistance and the 
trouble does not in general arise. Inductive interference with 
telephones is small on account of the feebleness of the high 
frequency ripples which accompany the continuous current. 
The most noticeable ripples are usually those due to the 
magnetization of the teeth of synchronous converters in the 
substations ; but as the tooth-frequency is definite these 
ripples are readily short-circuited out by means of resonant 
shunts tuned to synchronize with this frequency. The ripples 
due to the train motors are not often heard ; and the reason 
of this is probably that the motors generally have four poles 
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and an odd number of slots, so that there are four ripples set 
up by each motor at any frequency ; these being in quarter- 
phase relation, yield no appreciable resultant. Frequent 
transposition of the telephone wires tends to reduce all induc- 
tive troubles. The commonest cause of noise in telephones is 
leakage, due to insufficient insulation of the telephone lines. 
Where the wires come in contact with trees, or where the 
insulators are exposed to salt water spray, there is always the 
possibility of leakage currents entering the circuit and giving 
rise to trouble which can only be eliminated by removing the 
cause. 

Alternating Current Railways. — If the interference of 
continuous current railways with communication systems is of 
small moment and readily dealt with, it is far otherwise in the 
case of alternating current railways, in which the problems 
presented have resisted satisfactory solution in most cases, 
except by the drastic expedient of removing all the weak 
current circuits to a considerable distance from the railway. 
The same palliative measures can of course be applied as have 
been found effective with continuous current railways, but the 
predisposing causes of interference are so enormously intensified 
that these measures avail only to mitigate the trouble and 
rarely fixrnish an effective cure. 

Primary Cause of Trouble. — ^In seeking the cause of the 
interference phenomena, the tendency of magnetic induction 
to increase the area of the circuit of a current should be taken 
into account. An effect of this is that the return current is 
driven from the rails and is carried for the most part by the 
earth. Experiments made on the Midi Railway * showed that, 
except for short distances near the feeding point and near the 
train, the current carried by the rails did not exceed 5 per 
cent, of the whole. The effective position of the return path 
was, from the observations, estimated to be at about 1-9 km. 
from the route. This was moreover for the fundamental 
frequency ; the higher harmonies were doubtless even more 
dissipated. In its electromagnetic effects, therefore, the actual 
circuit differs greatly from the ostensible circuit. Its great 
area renders it effective for inductive interference at great 

^ See La LumUre Electrique, vol. 32 (1916), pp. 217, 241, 265, 289 ; 
voL 33, p. 3. 
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distances, and the wide distribution of the earth current affects 
grounded or imperfectly insulated systems which might be 
supposed to be beyond the region of its influence. The 
electrostatic effects on the other hand are practically due to 
the trolley wire and its reversed image in the ground, and the 
radius of their influence is small. 

Example of N.Y., N.H. axd H. Ry. — The seriousness of 
the trouble may be judged from an experience recorded of the 
New York, New Haven and Hartford Railroad, that, with the 
original distribution system, a parallel telegraph line, situated 
at the distance of four to six miles from the road, could not 
be operated when the railway was working. The original 
distribution system had the simplicity usually associated with 
alternating current working, the line being fed directly from 
one point only, at 11,000 volts. As modified, the feeding 
points have been brought close together, an outdoor sub- 
station being located about every third mile along the route. 
The expense of the change was very great but by no means 
exceptional in this connection, and the measures adopted do 
not by any means appear to have eliminated all interference. 

Example of Midi Railway. — As another instance may be 
cited the experience of the Midi Railway as recorded by M. 
Devaux-Charbonnel in the article referred to above. ‘‘ The 
question of the protection of telegraph and telephone hnes 
paralleling the route proved a matter of grave concern to 
them. The electromagnetic field created by the traction 
current is intense and was found very troublesome from the 
outset. Its effects were sensible at great distances, even up 
to several kilometres. The neighbouring conductors were 
transformed into veritable energy lines ; in fact it was found 
possible to light a 110 volt 25 c.p. lamp on a telegraph line 
running between Perpignan and Prades. Under such circum- 
stances telegraph service was rendered impossible ; fuses were 
frequently blown and when they held the receiving apparatus 
was subjected to uninterrupted vibration. The telephone 
circuits, although having no earthed return, and moreover 
being regularly transposed, were nevertheless traversed by 
varying currents sufficiently strong to render communication 
impossible.’’ The article from which this extract was taken 
discusses also possible means for reducing the interference. 

Example of L.B. and S.C. Ry. — ^As a further example, the 
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experience of the London, Brighton and South Coast Railway 
may he mentioned, as cited in a paper by S. 0. Bartholomew, 
read before the Institute of Post Office Electrical Engineers : * 
''This railway is of great interest, in that a serious attempt 
has been made in the lay-out to prevent leakage and electro- 
magnetic induction, and although the result has not been 
successful, the steps taken have undoubtedly minimized 
enormously the injurious effects arising from those causes. 
The contact wires are sectionalized, and are fed from feeder 
or distribution cables laid alongside the track. This reduces 
the electromagnetic disturbance to some extent. The principal 
steps have been taken, however, with the return of the current, 
two conductors being employed to assist the return of the 
current apart from the rails and earth. One of the return 
conductors, the ' distributor outer,’ is connected to the rails 
by a copper bond. With the original installation between 
London Bridge , and Victoria, each rail was connected to this 
distributor outer, but on the extension this has been modified, 
the rails being bonded together and a connection made to the 
distributor at intervals only. The other return conductor, 
called a ' booster ’ cable, is connected to the distributor outer, 
and so to the rails, at a few points only. Both these cables 
run beside the track, and if the whole of the current returned 
in them it would have a considerable neutralizing effect in 
counteracting the electromagnetic induction from the trolley 
wires and the distributors. In spite of these arrangements, 
however, interference with telegraphs and telephones has not 
been ehminated, and a number of circuits had to be diverted 
from the railway owing to interference with the working.” 

The interference of alternating current railways with com- 
munication fines accordingly necessitates the introduction of 
a number of special and expensive features ; and even when 
these have been installed, usually requires telephone lines to 
be carried in sheathed cables, and other expensive modifica- 
tions of the communication circuits and instruments to be 
made. Par from being a secondary matter, accordingly, it 
has sufficient influence in itself to render alternating current 
operation of doubtful expediency in settled regions. 

* See Electrician, vol. 74, p. 565. 


CHAPTER VI 


POWER EQUIPMENT 

The generation and supply of electrical energy for railway 
purposes possesses few features to distinguish these functions 
from generation and supply for other industrial purposes ; 
and such differences as occur are for the most part in degree 
rather than in nature. The energy may be, and in many 
cases is, bought from an electric power supply company, whose 
chief concern lies in other directions, and to whom the railway 
load is incidental. Important as are matters of generation 
and supply therefore to economical operation, they are not 
necessarily part of the business of a railway company at all, 
and it is the author’s purpose to discuss them in general rather 
than in detail, dealing briefly with preferred methods rather 
than attempting a comprehensive treatment. 

Certain characteristics are indispensable for the power 
equipment of an electric railway, although perhaps not more 
so than in some other classes of industrial work. Eirst among 
these may be placed reliability ; it is not good practice to 
neglect any practicable safeguard against interruption of 
service. Although a power equipment is necessarily a complex 
contrivance, the simplest is usually the preferred practice, as 
most conducive to rehability . Still with the view of preventing 
the dislocation due to breakdown, adequate standby plant 
should be maintained in reserve ready for service. The power 
plant should have considerable overload capacity, for great 
and sudden variation in the load is unavoidable in railway 
work. With these requirements satisfied, it is only necessary 
that the equipment should be capable of doing its work of 
supplying power in form and amount suitable for use by the 
trains. 

The Generating Plant. — ^The generating plant may be 


POWER EQUIPMENT 247 

divided into three groups of apparatus : viz. the prime ! 

movers, the electricity generating plant, and the electricity 
controlling gear. Each group includes also a quantity of 
apparatus auxihary to its main functions. Eive classes of 
prime movers may be recognized : viz. reciprocating steam j 

engines, steam turbines, gas engines, oil engines, and hydraulic : 

turbines. Of these however only the second and fifth are of 
much importance in the present connection. The recipro- | 

eating steam engine is practically superseded by the steam t 

turbine for electricity -generating purposes, and would not even ^ 

be considered for a new installation of any size. The gas 
engine, in units of large capacity, is an expensive machine, and 
although its thermal efficiency is high, it is surpassed by that j 

of the steam turbine when used in large units, particularly at ! 

light loads. The gas engine can be designed to utihze the gas ! 

formed as a by-product in the operation of blast furnaces, 
but since this is not railway business, the energy if generated i 

in this manner would usually have to be purchased. The oil ! 

engine is not yet available in units of sufficiently large capacity I 

for the ordinary requirements of railway service, and in any | 

case is so expensive that where natural oil is the available fuel | 

of a locality it has hitherto proved preferable to use it for t 

steam raising rather than to employ the internal combustion j 

engine. Apart, however, from these considerations, the | 

characteristics of both gas and oil engines are such that the | 

natural rating allows little overload capacity ; and duty in - 

which frequent large peaks of load are normal features requires | 

either that the engines should be much under -rated, or that the i 

rated capacity of the station should be greater than that of i 

a steam turbine station designed to perform the same work. 

^These alternatives amount to about the same thing, involving i 

greater investment and lower efficiency of operation than in | 

stations of equal output designed for steadier loads. The J j 

internal combustion engine is therefore not in general attrac- ; ! 

tive as prime mover for electric railway use, but there are j I 

certain local systems of small extent, where it can be used with ! j 

advantage, in combination with a floating battery to steady | ! 

its load. ^ i 

The Steam Tuebixe. — ^As a means of utilizing the intrinsic : 

energy of steam, no prime mover surpasses the steam turbine 
in economy. It is able to make use of the steam at as high a 
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preHBtire m it is practicable tc general e it, aiifl ti» fjik-i* iMleaii* 
tago of a high degree of Hnpt*rlH*ai itiiii of vaoiiiiiii. It licterirfl- 
ingly lias a higli thcTiaal efihaeiiey, iiiaiiy iii«idi*rii 
HurpaHsing IIh* gas engiiu* in this resjaai. liiiviiig iiii iiiiviiry- 
ing gradicait of temp(‘raf.un% int(*rnal c'onrlenHatioii m 
and as inon*over t-here an* no n'verst* inotioiiH to eatise sliiick, 
th(* niecha.ni<*al eflieiiaiey is high, and well iiiainfjiiiirfl over ii 
wide* range* of va.riatioa of load, ft- vnii readily lif< desigtieii 
with goo<l ov(*rIoad ea])a(aty. It is 'dimple in roust riniiorn 
and not liahlo to il(*rang<*ment : it is in by no itieaim 

uiuisual fen’ a stenun turlnne to run for weeks luiil f*vrii iiiiiiillis 
without int(*riniHsi(»n. It* is <*asiiy and prefi*rii.bly designed in 
Ia.rg«^ units; but nev<*rthel4*ss runs without undue wiiste iit 
light- loads. It is iiioreoV4*r ('onveiiieiif for purju^s-es of 
t*lee-triral geiH*ra.tion hy nieaiiH of fiireetly emipled g«niemtors» 
its iw<nioini<'al speed not faung unduly resfriiiiv’e in iiiimt 
eases. It is true that the eeniioiidcad is higli, uiiiktiig 

generaticui at the* higlier frequt*neif»H preferable, b-iit 
frequencies an^ (piite suitabk^ hif iiidusfriii! pufjioses, iiieliidiiig 
most e-lasscH of railway %vork. Lp b* a unit i’a|»iieily ationt 
1.0, 00b k.w\ a s]K*ed of not li*ss than 3,000 r.pjii. or ii freqiieiiey 
of f)i) cyck‘H, is preferable in that ii tiiakes lief ter nf llir 
materials of eonHtru(d,ion : and the eapaeily iit- tthirdi a 
of 1,500 r.p.m. becanneH the upper limit appears to be in llifi 
neighbourhood 4CbOOO k.w. .It may be i'-oneliulefi ttierefiw 
that the Kuro|w*an standard supply friujiieiiry fif r#0 ryeles 
suits generation by st-<*ani turbines belter tfiiin any lower 
frequency. 

Thb HYOHArnu* TrHiii.NB.-'--T!i-e hydnuilie turbine iiiipf*ses 
lUi such natural restrict if»n i.m tin* frecjUfua*y of supply as fin* 
Ht4Uiin turbine, being l>y ecimparisori ii knv speed 
Although .iKit Iimit4ifl in this res|N*cf. it is iiifist runummly 
iHii,pkiyc*d for generaticin at 50 cyvlm f«ir the reiisiui tluif fliin 
suits general induBtriiil supply. The invest men! in liydraiilse 
works is usually great, much more so tliaii in a steam stmt inn of 
equal capacity. The coat of o|H*ratii,iii being sfiiidl, the irileri*8t 
on tlici investment comprises iilmost flu* ii'lioit* of thi* lot^t of 
generation. A high load factor is iiecordingly parfictilarly 
desirable for a wuiier power plant, in onier to reduce the enit 
of iiipply. In a steam plant on the other liiimi n rrun^idc^raWe 
friMdion of the cost <»f generation is priiefic’iilly proporlitiiiftl 
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to the load, and the high load factor is of lesser importance. 
The railway load factor, unless artificially kept up, is usually 
poor, and it is expedient to combine the load with an indus- 
trial load, in order to make the best of the investment by 
raising the load factor. This is generally the case, but, for 
the above reasons, is of greater importance with hydraulic 
than with steam supply. 

ELECTEiciTY-GENERATma PLANT. — Electric power is usually 
generated three-phase, and with the generating plant may be 
associated transformers for raising the voltage to a value 
suitable for transmission, switchgear for controlling the power 
and suitable measuring instruments. These things however 
present no features especially characteristic of railway work. 
The transmission line may be of cable or overhead wires, but, ex- 
cept for the fact that it usually follows the route of the railway 
where practicable, it also has no distinguishing characteristics. 

Substations. — Of the power equipment, the substations 
alone possess features which, apart from the nature of the 
supply, distinguish them from lighting and industrial substa- 
tions, but the differences even here are neither great nor fun- 
damental. Substations are groups of apparatus by means of 
which electrical energy is changed from the kind and voltage 
suitable for generation and transmission to the kind and voltage 
suitable for use by the trains. They are moreover often made 
to serve as sectionizing stations for the transmission line system, 
and always form the main sectionizing, controlling and meter- 
ing stations for the distribution system. The substation plant 
therefore divides itself naturally into three groups of apparatus : 
(1) the incoming line equipment, by means of which the energy 
is brought in, and the transnoission line sectionized ; (2) the 
converting plant, which changes the form of the energy to suit 
the requirements of the trains ; (3) the feeder equipment, by 
means of which the energy from the converters is metered and 
passed to the distribution system. The first group extends 
from the transmission lines to the primary busbars, the second 
from the primary to the secondary busbars, and the third from 
the secondary busbars to the track feeders. Since the chief 
function of a substation is to act as an adapting link, its features 
are in large measure determined by the forms in which energy 
enters and leaves. 
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Characteristics of Railway Siihstiitioim. im^ulunwil 
above, there is little* in Hub.slatictn plant llial ran hi* n aifliiemt 
peculiar In railvviiy insfjdla!inn.«^. and it Ih af*fa*riiiri|!iy iiii- 
neci*ssar\y to de^KcrilH* the apparatus in driail ur In nilrr iiitn 
quoHtieaiH ndating to itn ile.Hign. I'hi* i‘hiiriirteri^f i*' ll■|iirll 
most rnarkc*dly distingni^hnn thn rail\va\' inii frtnii tin* 
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lighting (ir iudtihtriiil Hulwtatifni ari»r« from flu* k,* it i>' 

uiiiicr of witliHtjiriding >4uddi*ii «nd hoiay o^crlo.nb nifhr»«t 
dntrimi-tit. 'riic moiufntwry ovt-rlond c'»j);n*i!y uf th«- nnitf. of 
plant iH randy inudi* InhH than t(Mf pfr ri'Jtf., cvm for rotating 
ma«hiiH*ry auppiying a cU’twn wrvir,' of traiiM, whi!*4 rowtorn 
good jtratdiof UHiiidly riMpuroN hurii iini* hint j'^ i,. ,.tan«i flirro 
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times its rated load for short periods without deleterious con- 
sequences. Substation machinery is accordingly designed 
especially for railway work, so that the mechanical and elec- 
trical limitations on its operation are reached at much greater 
load than the thermal limitation. 

iNCOMma-LiNE Equipment. — ^The incoming-hne equipment 
calls for little remark. Its general nature depends on whether 
the transmission lines are carried overhead or underground, 
and its details on the voltage and circumstances. Discon- 
necting switches, of the air-break type, are used for isolating 
any transmission line or unit of apparatus from the busbars, 
the general arrangement being as shown in fig. 127, for two 
incoming-lines and two units of plant. Overhead transmission 
lines are usually anchored to the substation building, being 
brought inside through suitable entrance bushings. In 
American practice, when the transmission voltage exceeds 
about 15,000 volts, the busbars are often carried on the roof of 
the substation building. The plant is protected from hghtning 
discharge by means of arresters, with horn gaps, connected 
to the busbars, and choking coils connected in circuit on the 
fine side of each unit of plant. With underground trans- 
mission, the same features of isolation are observed, but the 
protection against lightning is no longer required. 

The Converting Plant. — ^The converting plant is an 
aggregate of units each comprising in general four elements : 
viz. (1) switchgear for connecting the units of plant to the high 
tension busbars ; (2) transformers for reducing the voltage ; 
(3) converters for changing kind or frequency of electrical 
energy supply ; (4) switchgear for connecting to the railway 
busbars. Some of the elements may however be absent 
in particular installations, depending on the nature of the 
conversion. On the other hand, starting gear and other 
auxiliaries may be required in connection with the plant. 

Static Convertees for Alternating Currents. — The 
simplest form of converting plant is used in the case of alter- 
nating current railways in which the frequency of alternation 
required by the trains is the same as that of the supply. In 
this case it is only necessary to reduce the pressure from that 
of the supply to that of the distribution system by means of 
static transformers. Eor large attended substations, oil- 
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immersed water-cooled transformers are most economical where 
the necessary coohng water is available ; but for unattended 
or outdoor substations, oil-immersed seM-coohng transformers, 
such as are used on the New Haven line, are more appropriate. 
Actually on the New Haven line auto -transformers or com- 
pensators are employed, the centre of the winding being 
connected to the track, and the terminals to the transmission 
lines, one of which however is formed by the trolley lines as 
shown diagrammatically in fig. 128. Any other desired ratio 
between the windings on the two sides of the grounded point 
might have been used, and the ratio of equality was chosen in 


TROLLEY LINE 



Fig. 128. — New York, New Haven and Hartford Distribution System. 


order to reduce inductive interference with neighbouring 
communication circuits. 

Rotating Converters. — ^Where it is necessary to change 
the kind or frequency of electrical energy, rotating machinery 
in some form has generally to be used. The mercury arc 
rectifier, of which more will be said later, is however a possible 
alternative for certain transformations. The most general 
apparatus for changing the nature of electrical energy is the 
motor-generator, a combination unit consisting of a motor, 
suitable for taking power from the incoming lines, directly 
coupled to a generator, suitable for supplying power to the 
distribution system. Such a unit can be constructed to meet 
any conditions that may be imposed by the methods of trans- 
mission and operation. Where the transmission voltage is 
not too high, the motor can be wound to take pow'er from the 
supply, without the intervention of transformers. The limit- 
ing voltage at which this is desirable is of the order of 10,000 
volts ; and, since this is low as a transmission voltage, the 
inclusion of step-down transformers with the units is the more 
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]K)lo8 on thct two nittchin€« being in proportion to thxsir fr<f- 
(piencioH. Wln^n* w-vnral KU(;h unitH run in i)urallol on a 
fijHkitn, it IK nm‘KKary that tlioy should synciironizc in phiiHo 
on both triinKiniKKion and diKtribution freiiuencioK. It is liie 
I manufiicturor’s part to see that this is possible, and the 


I 







254 


RAILWAY ELECTRIC TRACTION 


operator’s to see that it is done. Next to the static transformer 
the frequency changer is perhaps the simplest and most 
robust of converting units. 

MotoB’Ge^^'erators. — ^M otor-generators are used in the 
substations of the Chicago, Milwaukee and St. Paul Railway. 
The supply is taken at 100,000 volts, 60 cycles, three-phase, 
and the distribution is by means of continuous current at 
3,000 volts. The motor-generator sets are of two sizes, viz. 
1,500 k.w. running at 600 r.p.m. and 2,000 k.w. at 514 r.p.m. 
Each set consists of five machines, aligned on one shaft, and 
carried on a bedplate. In the centre is the synchronous motor, 
wound for 2,300 volts. On each side of this is a 1,500 volt, 
compound wound, compensated, continuous current generator, 
the two being connected in series. At one end of the shaft is 
an exciter for the field of the generators, and at the other an 
exciter for the field of the synchronous motor (fig. 129). The 
sets are designed for either direct or reversed operation, 
regenerative control being a feature of this installation. The 
1,500 k.w. set weighs about 45 tons and covers a floor space 
of approximately 200 square feet. Somewhat similar units 
are used in the substations of the Butte, Anaconda and Pacific 
Railway, and of the Canadian Northern Railway (Mount Royal 
Tunnel). 

The Rotary Converter. — ^Although the motor-generator 
may be regarded as the universal machine for interconnecting 
two electric systems, the required transformation may, within 
a limited range of conditions, often be more advantageously 
effected by means of machines of special type. Chief among 
these is the rotary converter for use in connecting a polyphase 
supply and continuous current distribution system. The 
rotary converter may be regarded as a synchronous motor- 
generator, in which conditions on the alternating current side 
have been so adapted to those on the continuous current side 
that it is possible to use the same armature and the same field 
structure for both input and output. The adaptation is made 
with respect to voltage ; and the machine is designed to suit 
the frequency of supply. 

The limitations of design imposed by the advisable volts 
per commutator bar, the safe peripheral speed of the commu- 
tator, ^ and the minimum practicable width of bar, restrict the 
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voltage of a rotary converter for a given frequency. Thus 
with the commutator speed limited to 6,000 feet per minute, 
for a 50-cycle machine the distance between brush studs of 
opposite polarity measured along the commutator is about a 
foot : if the minimum width of bar and mica be taken as a 
fifth of an inch, there are at most 60 bars between points of 
opposite polarity, and if the average volts per bar be taken as 
not more than 13, the voltage of the machine is hmited to about 
780 volts. The hmiting voltage practically varies inversely 
as the frequency of supply, and for machines of ordinary 
construction the hmitation is approximately in accordance 
with the above figures.* For higher voltages, however, 
rotaries may be run in series. Thus for the Shildon-Newport 
installation, where the supply is taken at 40 cycles, and the 
distribution is made at 1,500 volts, continuous current, the 
rotaries are run two in series. 

Losses and their Distribution in a Rotary Armature. — 
A three-phase rotary when excited to give unity power factor, 
has only about 57 per cent, of the armature copper loss of a 
continuous current generator of the same output and armature 
resistance, since the alternating current partly neutrahzes the 
continuous current in the armature and thereby reduces the 
loss. For the six-phase rotary the corresponding figure is 
27 per cent, and for the twelve-phase rotary 21 per cent. Thus 
a clear gain in capacity results from increasing the number of 
phases. The armature of a rotary is not however uniformly 
heated, for the loss in the coils is greater the nearer they are 
to the alternating current taps. In a three-phase rotary the 
loss in the coils adjoining the taps is about 114 per cent, 
greater than the mean loss ; in a six-phase rotary the excess is 
reduced to 57 per cent. ; and in a twelve-phase rotary to 18 
per cent. The inequality thus decreases with increase in the 
number of phases, and provides an additional reason for such 
increase. There is some objection to a twelve -phase rotary 
on account of the large number of shp rings required, but it 
would appear that the advantages may outweigh the objec- 
tions. The twelve-phase rotary can be run from a three-phase 
supply by providing the transformers with two secondary 
windings per phase, and connecting them between points 


See, however, F. P. Wliitaker, Jour. Inst. vol. 60. 
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150^ apart on the armature, the chords of connection "being 
parallel, as shown diagrammatically in fig. 130. The usual 



Pig. 130. — Connection. Diagram of Twelve-phase Botary. 


practice where the supply is three-phase is however to use 
six-phase rotaries. If the supply is q[uarter-phase, and q[uarter- 
phase rotaries are used, the mean armature copper loss is 38 
per cent, of the continuous current loss and the maximum coil 
loss 92 per cent, in excess of the mean. With eight-phase 
rotaries which can be run from a quarter -phase supply by the 
use of suitable transformer windings, the mean loss is approxi- 
mately 24 per cent, of the continuous current loss, and the 
maximum 36 per cent, in excess of the mean. 

Voltage and Ctjbrent. — The voltage between the brushes 
of a rotary converter is principally governed by the alternating 
voltage supplied at the shp rings. The brushes are so placed 
as to obtain the maximum voltage generated by the armature, 
and when two tappings from the windings to the slip-rings 
can coincide simultaneously with the positive and negative 
brushes, the maximum alternating voltage between these is 
equal to the continuous voltage. Thus the virtual alternating 
voltage is in this case about 70*7 per cent, of the continuous 
voltage. The ratio however varies shghtly with wave form. 
The distribution of voltage round the armature may be repre- 
sented by a circle, the difference of potential between any two 
points varying as the length of the chord joining them. Thus 
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in the three-phase rotary, fig. 131, the ratio of alternating to 
continuous voltages is cos 30°/'\/2, or 61*2 per cent. ; in the 
twelve-phase rotary of fig. 130, the ratio is cos 15° /V2, or 
68*3 per cent. The ratio between alternating 
and continuous currents may be obtained ap- 
proximately by equating input and output, 
and more accurately by making allowance 
for efficiency. 

CoMPOiJXDiNG Rotaries. — Since the con- 
tinuous voltage is governed by the alter- 
nating voltage some form of regulation is 
necessary if it is desired to compensate for voltage drop in 
transmission and distribution lines. This is effected in the 
case of traction rotaries, by a series field and reactance coil. 

The mere increase in field strength does not affect the voltage 
appreciably but, as in all synchronous machines, tends to make 
the current lead the e.m.f . In order to take advantage of this 
for compounding purposes, inductive impedance is put in 
series with the rotary on the alternating current side. Thus, 
in fig. 132, if OC represents the phase of the current, leading 

its voltage OV, and OR is the react- 
ance voltage, leading the current by 
a right angle, then the line voltage 
is represented by OV^, which is 
clearly smaller than OV. The 
effect of the inductance accordingly is 
to raise the voltage at the slip rings 
when the current leads the voltage, and by the same rule to 
reduce it when the current lags. The necessary inductance 
may be provided by a separate piece of apparatus, but it is 
now common practice to provide for it by means of magnetic 
leakage in the transformers. The latter is the cheaper, but 
it is open to the objection that, unless great care is exercised ^ 

in the design of the transformers, the leakage flux is apt to 
cause parasitic losses in the heavy secondary windings. Where 
there is more than one rotary in a substation the series fields 
are connected in parallel by means of an equalizing bus, in | 

order that the machines may tend to divide the load equally. 

Starting -up the Rotary. — Rotary converters may be ! 

started up from the continuous current side, being then 



Fia. 132. — Vector Diagram 
of Compound-wound Rotary ; 
Current Leading. 



Fig. 131. — Dia- 
gram. Three- 
phase Rotary. 
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synchronized in on the alternating side. This is not a usual 
practice in railway service. They may be started from the 
alternating side as induction motors, starting torque being 
provided by current, generated by induction, in the damping 
bars. The alternating voltage is applied to the slip rings from 
special low voltage taps on the transformer, the field circuit 
of the rotary being for the time open. The machine then runs 
into synchronism without excitation. This is standard 
American practice, and although it avoids the process of 



Fia. 133. — Comioctioii Diagram for Starting by means of Taps on Transformer. 

synchronizing, it is open to the objections that it draws a large 
wattless current at starting, that it becomes necessary to raise 
the brushes from the commutator during the starting, and that 
synchronism is often reached with wrong polarity, necessitating 
the jumping of a pole, or reversal of the field. Fig. 133 is a 
connection diagram for a six-phase rotary started in this 
manner. British practice favours the provision of a separate 
starting motor on the end of the shaft of each rotary. The 
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starting motor is of the induction type, having a high resistance 
squirrel-cage rotor (sometimes, in fact, consisting of a cyhnder 
of sohd iron), and wound with a pair fewer poles than the 
rotary, in order to take it through synchronous speed. Fig. 
134 is a connection diagram for a six-phase rotary started by 
means of an induction motor, and subsequently synchronized. 
By a recent improvement, the winding of the induction motor 



134. — Connection Diagram for Starting by means of Induction Motor 
(Separate Synchronizing). 

is connected in series with the alternating current winding of 
the rotary (see fig. 135). With this arrangement the rotary 
rises in speed to synchronism and no higher, the voltage on the 
induction motor winding disappearing largely when this speed 
has been attained. The induction motor winding is then 
short-circuited, and the rotary is ready to supply current ; 
for the polarity is governed by the remanent magnetism, and 
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is accordingly not reversed in starting. By this means a rotary 
can be put into operation in very short time, machines of large 
capacity being ready for service, within a minute, without 
taking more than a half of full load current during the starting 
period. 

Sources of Trouble with Rotary Converters. — ^T he 
rotary converter at its best is one of the most satisfactory 



Fi(i. 135. — Connoctioii Diagram for Starting l)y moans of Induction Motor 
(Self Syriciironizing). 


pieces of rotating apparatus that have been produced, occupy- 
ing little space, taking heavy and sudden overloads without 
harm, requiring little attention, giving little trouble, having 
high efficiency, and compared with satisfactory substitutes, 
being inexpensive withal. In common with all synchronous 
machinery, the rotary converter may under certain conditions 
develop a tendency to hunt or oscillate about the state of steady 
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^ running. The frequency of the oscillation is a natural constant 

of the machine, and hunting may be the result of defective 
design, requiring no external stimulus to produce it. However, 
i the conditions which favour the defect are well understood, and 

substantial dampening bridges of copper are always provided, 
imbedded in and surrounding the pole faces. The trouble is 
therefore non-existent in well-designed modern machines. 
Another possible source of trouble, with which the designer of 
rotaries has to contend, is that of flashing at the commutator. 

; In the rotary converter, the armature reaction due to the 

^ continuous current is, to a large extent, neutralized by that 

due to the alternating current, the residual being a pulsating 
I reaction, the mean value of which is in modern machines 

usually annulled by means of commutating poles. The 
amplitude of the pulsation is the smaller the greater the number 
of phases. The commutation is therefore usually satisfactory, 
but the other factors tending to cause flashing are often more 
difficult to deal with, the commutator speed and the volts per 
bar being in many cases higher than the most conservative 
practice would approve. The conditions are worse the higher 
the frequency and voltage of the machine ; but the limitations 
j of design are well understood and, within the limits, the flashing 

j trouble is not of serious importance. In difficult cases, the 

I parts between which an arc might be formed, are protected 

: by insulating screens, and barriers of insulating material are 

I sometimes employed to remove the layers of ionized air from 

the commutator. Blow-out devices, magnetic or air, are 
sometimes used to suppress any arc that may be formed. As 
I most cases of arcing over the commutating machines result 

from external short circuit, high-speed circuit breakers are now 
sometimes used, which throw a current-hmiting resistance 
into the circuit before the current has had time to attain a 
dangerously high value. 

The Trahsformeiis. — ^The transformers which link the 
i rotary with the transmission system may consist of two or 

three single-phase units, according to whether the supply is 
two-phase or three-phase ; but it is now common practice to 
employ a polyphase transformer rather than an assemblage 
of single-phase transformers. The use of single-phase trans- 
formers has the advantage, particularly valuable in railway 
? work, that a defective transformer can be cut out, and the unit 
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still operated at reduced capacity. Where water is available 
at the substation, the transformers may be of the oil-immersed 
water-cooled type : otherwise they may be cooled by a forced 
draught of air, or by radiation of heat from the outer case, 
being, in the latter case, of the oil-immersed type, with tanks 
specially designed to give a large radiation of heat. The last 
is the most common practice. Where rotaries are run in 
series, a single group of transformers, having multiple secondary 
windings, may be used with each unit group of rotaries. The 
transformers are usually provided with a few taps on the 
primary winding, by means of which a certain adjustment of 
secondary voltage can be made ; thus permitting compensation 
to be made for unequal transmission line drop and more 
effectively paralleling the substations. 


The Motor -Converter. — ^The motor-converter of La Cour 
may be looked upon as a combination of a motor-generator 



with a frequency changer and rotary converter. It consists 
of an induction motor having a wound rotor, mounted on the 
same shaft with a continuous current machine, which operates 
both as a rotary and a generator. The latter machine is fed 
as a rotary from the rotor of the induction motor, which is 
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designed to give a suitable voltage for the purpose, and is also 
driven directly as a generator. Fig. 136 shows diagrammatic- 
ally the connections of the motor-converter. 

The power input of the motor is in part transmitted mechanic- 
ally to the continuous current machine, operating as a 
generator, and in part given out electrically to this machine 
operating as a rotary converter of appropriately reduced 
frequency, viz. that of the slip of the induction motor. If / 
is the supply frequency, 2n the number of poles in the motor, 
and 2n' the number in the generator, the speed of rotation of 



LOAD / RATING 

Fig. 137. — Comparative Efficiencies of Rotary Converter, Motor-Converter 
and Motor-Generator Units. 

the unit is f/{n +n') and the frequency of the continuous 
current machine n'f/{n +n') : thus the frequency of this 
machine is reduced by increase of n/n\ 

The motor-converter is capable of much the same work as 
the rotary converter, and, where the transmission voltage is 
sufficiently low, avoids the interposition of transformers. Even 
in this case, however, the complete unit is more costly than the 
rotary converter unit, whilst the efficiency of conversion is 
lower by some 2 per cent. In fact, the true sphere of the motor- 
converter would appear to be as a substitute for the motor- 
generator in cases where the conditions of frequency and 
continuous voltage are too high to permit of a satisfactory 
design of rotary. Fig. 137 gives average curves comparing 
efficiencies of rotary, motor-converter and motor-generator, 
as functions of the load. 
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The Mercury Vapour Rectifier. — A different form of 
converter entirely, and one which gives promise of great 
possibilities, is the mercury vapour rectifier. This, in the 
form of a somewhat delicate apparatus constructed largely of 
glass, has been employed for some time for the purpose of 
obtaining continuous current in small quantities, from an 
alternating current supply. It has however now been 
developed in form and capacity suitable for the requirements 
of railway supply, and although it has hardly yet attained the 
condition of reliability needed in such work, its development 
has disclosed no insuperable defect. It should therefore be 
watched, as a development which may prove to have consider- 
able influence on the future of railway electrification. 

The mercury vapour rectifier depends for its action on the 
property of an arc between certain dissimilar electrodes in 
opposing greater resistance to the passage of current in one 
direction than in the other. The arc is formed between mercury 
and iron electrodes in an attenuated atmosphere of mercury 
vapour, and whilst an electromotive force of from 15 to 30 
volts is sufficient to cause a current to flow from iron to mercury, 
an exceedingly high electromotive force, depending on the 
length of the arc, is required to overcome the resistance when 
applied from mercury to iron. When an alternating voltage 
is applied between the electrodes, the rectifier allows a current 
to pass only when the iron and mercury electrodes stand in the 
relation of anode and cathode respectively. The application 
I I of such a voltage accordingly results 

in a number of unidirectional pulses 
of current at the supply frequency, 
separated by intervals of zero cur- 
rent. In order to obtain a more con- 
tinuous output, several anodes are 
provided discharging to a single 

Fio. 138. — Single-phase Mer- cathode and connected to different 
cury Vapour Bectifier. i /• i tti- 

phases of the supply. Fig. 138 
shows the arrangement diagrammatically in the case of a 
single-phase supply. Here R is the rectifier, having anodes 
A A and cathode C : T the transformer which supplies it with 
power. The centre point of the secondary winding of T forms 
the negative terminal for the unidirectional current, the 
positive terminal being the cathode. The output voltage of 





VOWmi KQUIPMENT 


2()5 


the airnuig<‘nic*iit is {let<‘i*i!uiu‘<l l>y tlie nieaiii voltage of the 
half-secondary winding taken over the half wave. Since the 
current flows in (‘a(*h half witiding for only half the tinuj, the 
total secaaidary <u)ppc‘r loss is the product of the rcBistance of 
a half winding into the mean scpiare of the current ; and is 
therefore the Sami's as that in an ordinary alternating current 
transformin’ of (a[ual output, hut having half tlu^ secondary 
eirpper. I'he ekadrornotive forces of a single-frliaso rectifier is 
pulsating, its value* dr’opjring to zero every lialf period. In 
the ease of a polyphase^ r-(‘cdJfi(‘r as illustrated (liagramrmitically 
in fig. I ‘iff, lh(* load at any instant is on the phase whose voltage 



J 







Ki<;, 139. Six-ptiHHc. Mcivury Vapour Rectifier. 


(exceeds that of tlu*. others at the time. The unidirectional 
voltages is thi‘ndon^ n(*ar!y constant, following the peaks of 
the separati* waves as shown, for a six-jrhaHe I'iHitifiia', in 
fig. 14a, wht»ri^ the mean value of the voltage*, is apprerximately 
I '35 of the alternating voltage*, per phase or 95 per cent, of 
that at the*, pmik of the wave. 

ELEOTiiioAi. AuxirjARiHH.— -The action of the mercury 
vapour leetifiiir is however greatly xnodified by the use of 
certain auxiliary appar*atus, shown diagrammatically in fig. 
141. H<*re the six secondary windings of the transformers are*, 
divided into two thr^ee-phase star-connected groups ; and the 
neutral points of these are connected through opposing windings 
of a raactance C. The effect of this is to cause the continuous 
current to be taken in equal amounts from the two three-phase 
windings, thus maintaining two ares simultaneously at all 
times. For one-sixtli of the3 time, arcs I and 2 are in action, 
for one-sixth ares 2 and 9, and bo on. Each of the six trans- 
former eoik accordingly, and each anode, carriers current for 
one-tliird of the total tinu^ This is a fundamental modification 
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which not only uses the transformer and rectifier to greater 
advantage, hut also results in a great improvement in the 


Fig. 140. — Voltage Fluctuation, Six -phase Rectifier. 

power factor of the unit. For a simple three-phase rectifier the 
power factor, assuming a sine wave of voltage, is ^/ti V2, or 
67*5 per cent. For a simple six-phase rectifier, as shown in 
fig. 139, the figure becomes V^: 7 r, or 78 per cent. For a six- 

A.C SUPPLY. 




Fig. 141. — Six-phase Mercury Vapour Rectifier with Reactors. 

phase rectifier with reactance, as shown in fig. 141, the theoret- 
ical power factor is S/trc, or 95' 5 per cent. The rectifier is shown 
in fig. 141 as consisting of two three-phase units ; but this. 
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although a practicable arrangement, is not necessary, and the 
six -phase rectifier, shown in fig. 139, might equally have been 
shown here. A second reactance. A, having a coil in the circuit 
of each anode, is shown in fig. 141. This is highly saturated 
and assists in steadying the arcs and transferring them from 
anode to anode. The general form of the current and voltage 
curves is shown in fig, 142. 



Fig. 142. — Current and Voltage Curves of Mercury Vapour Rectifier. 


I Construction and Operation. — ^The mercury vapour 

rectifier, as used in railway substations, consists of a steel 
I chamber into which the electrodes are introduced through 

gas-tight insulating bushings. The cathode is located in the 
centre of the base, and the anodes are inserted through short 
side tubes which join the main chamber near the base. The 
^ P^r^ of the chamber forms a condenser for the mercury 

vapour evaporated from the cathode, and is the means of 
transferring the heat developed to outside space. In small 
rectifiers the condenser dissipates its heat by radiation, 
but in larger sizes arrangements are generally made for water 
cooling. It is necessary however that the anodes do not 
I form condensing surfaces for mercury globules ; otherwise 

reverse arcing may take place and the rectifying effect be 
destroyed. In order to prevent this, the anodes are sometimes 
^ made hollow, and the cavities filled with mercury, which is 

maintained at the boiling point by means of independent 
heating coils immersed in the mercury, the vapour formed 
being condensed in chambers connected with the cavities. 
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In this manner the temperature of the anodes is maintained 
above that at which the rarefied mercury vapour of the rectifier 
can condense. If, as is usual railway practice, the negative 
side of the circuit is earthed, the whole rectifier is at the positive 
voltage (see figs. 138, 139 and 141) ; it must accordingly be 
properly isolated and insulated. The rectifier is started by 
the aid of auxiliary anodes which are brought into operation 
by external means. An efficient vacuum pump is an indispens- 
able accessory to a rectifier installation, for it is of the greatest 
importance to maintain a high vacuum. 

The Tbaxseobmeb. — The transformer, as used with the 
mercury-arc rectifiers, is special in design. In fig. 139 each 
secondary winding carries the output current for one-sixth 
of the total time. In fig. 141 each carries a half of the output 
current for one-third of the total time. Comparing the trans- 
former with an ordinary six-phase alternating current trans- 
former, having the same output and secondary copper loss, 
let T be the resistance per phase of the secondary of the latter 
and R that of the rectifier transformer. Then, in the case 
represented in fig. 141, c and C being the secondary currents : 

6 c - 2 X 1-350 = 2-7C 

6 rc^ = 2RC2 

Hence : — 



or 

r = 1-64 R. 

Thus more than 60 per cent, more copper is req^uired in the 
secondary windings of the rectifier transformer ; but the 
amount would have been doubled if the arrangement shown 
in fig. 139 had been adopted. 

Efficiency. — The mercury vapour rectifier has good effi- 
ciency, even at light loads, for the voltage drop in the 
apparatus does not vary greatly with load. The trans- 
formers however are less efficient than those used in ordinary 
alternating current supply, and the auxiliary apparatus 
further reduces the efficiency. The efficiency of the complete 
unit is comparable with that of a rotary unit, being generally 
slightly inferior at average loads but somewhat superior at 
light loads. The overload capacity of the rectifier as ordin- 
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arily rated is not equal to that of a modern rotary, and the 
installed capacity is accordingly greater. The cost of the 
complete installation is not usually advantageous compared 
/ with that of a rotary substation designed for the same 

service. 

The mercury vapour rectifier does not impose a limit on the 
frequency of supply, nor on the voltage of the output. It 
accordingly appears a fitting development to meet the needs of 
high voltage continuous current railways taking power from in- 
dustrial supply networks, although further experience is neces- 
^ sary before it could be recommended without reserve for such 

work. The simplicity of operation of the plant, and its good 
/ efficiency at all loads, gives promise of the development of 

substations requiring no constant supervision. It is quite 
within the bounds of possibility that the future may disclose 
the continuous current system of operation, with unattended 
rectifier substations, as the normal preferred practice in railway 
working. It must be said however that this development is 
not yet in sight, for the rectifier requires more skilled attention 
than the rotary. A result to be expected from the sudden 
changes in line voltage, produced when the arc shifts from 
anode to anode, is that this form of converting plant will 
I cause much greater interference with neighbouring com- 

munication circuits than the usual forms with rotating 
j machinery. 

Storage Batteries in Substations. — The poor load 
factor with which the railway substation usually operates, 
I and which is the justification and reason for using machinery 

of great overload capacity, has led some engineers to instal 
storage batteries in connection with the substations. These 
float on the line, assisting the machinery at times of heavy 
load and absorbing charge from it at times of light load. The 
load on the rotating plant is thus equalized, and smaller ulti- 
I mate capacity is required in it. The battery however is an 

I expensive item, and its upkeep costly. Most operators 

therefore prefer to invest in overload capacity, and avoid the 
^ use of the battery altogether. 

Distribution Switchgear. — ^With each unit of converting 
4 plant is provided a switchboard panel coiitaining circuit 
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inrakcrs dcsij'ncd to open (ni ovorloiui. and HHitidieH 

ii(‘('<*.s.s!irv to coiiiH'cti tin* .'•'•‘t. tit> tin' hufslxifH, togctlioi with 
iiistnuiionl.s toi' uu'usuriiifi its output. Botwcoii tho tiuu'liiiu! 
puiiHs iuid distrilmtion pan.-lH is usually locati-d a totalizing 
panel at. which the wlioh- energy nut put of the sid*stnti«.n is 
metered. 'I'he flist rihution or feeder panels contain fho 
<-ireuit. hreaker.s, .switehe.s ami in.strunients required in feeding 
the line and i.snlating any .section that may be desired. The 
line eoniluetor of each track i.s eomieeteii to the busbars 
through a .separate panel, ami ••aeh tlireefion i.s treated as an 
independetit tra(di for this purpo.se, section instdators la-ing 
inserteii in each line eonduetor at the substation. Ihiis, with 
a two-traek road, there will be at hast four fi-e«hr panels, 
unle.sH the sub.statiotj is situated at a terminus. Hoinetintes, 
where there is poMsibility of eiirrent e.dleetoiH on the Name or 
ditferent eoiiehe.s bridging th<' instdator gap iutd putting vailtage 
on a line ..a wldeh m<-n may be working, a suflieient hmgth of 
line er.miuetnr on **a<‘h tr.aek is isolat^ed neai the substatifut 
and fer! from a separate p.niel. The diNirilmtjou lines, Iteing 
grounded on one ide, the wileligear on the distribution side 
of the .ulelutioji i, of the sitigb' t»ole tvpi' Fig. M:t gives 
itivpa ai diagram >4 nbstalioii wnnig.in wlm h onir '•{ them; 
fi at 11! I = are ' bown, 

I nuttended .Snbhtationi*. Cntil leeenlly it ha« la-eij 
regarded as a neeemi! y that valuabh- and powerful rotniitlg 
maebimry boiild la* ronstantly under ' iiperviHioii, The 
mm bineiy. > 'lufroliing, and pioteefive apparntUN ii"ed in 
radw.iv tdi tatmiiH however have reai lied su« h a stale of 
i.-habdily that i nom. me ha|i la a remote eontiiigi-m y, and 
Hie woiii devolving oil ill" atteitdanlH js u»iMdly hghf, and 
almo't eotueJy of a loiitmi- < liaraet* r It n true that in stile 
tat loir fiediiig nopoif.uit and husy line, there is plenty of 
woik to keep the attendant H oe. iipied, fan in the ease of side 
stations feeding the lefiiotei ...sfeuis of u>ter-urha« ladways, 
tlie at!*-ndant'a duties are ledious and. frojn an eniiioniie 
point of View, hardly worth while, dhe pressure of rjiiune 
«ta!e < a is ae< oidlllglV t«'nding to produei- a t Vpe of mibstatjoU 
jn wlm h eontimuil snprrviHjon e. iinneei .sary, and pat tjeularlv 
tjira the ease III Aliieie a where the shortage of suitable 
lab'iur IS v«-r_V ke^'idv felt 
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The unattended substation may take one of several forms. 
It may be put into service, and taken off, by a trave llin g 
attendant, who visits it in due season for the purpose, being 
then provided with automatic devices for cutting off power in 



Fig. ]4-4. — Diagram of Automatic Substation Wiring. 


case of accident. It may be started and stopped at certain 
times by means of clockwork. It may be controlled electrically 
from a convenient distant point. Finally it may come into 
service automatically in response to a demand for power, and 
fall out automatically as the demand abates. 
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Fig. 145 gives a typical wiring diagram, and Kst of the 
control apparatus, for a substation of the last kind, in which 
the power plant consists of a rotary converter unit.* Fig. 144 
is a simplified wiring diagram of the substation, with a table 
showing the sequence of the principal operations. The 
devices are similarly numbered in the two figures. The power 
apparatus possesses no special features, and it is only in the 
controlling gear and protective devices that the substation 
differs from an ordinary attended one. The sequence of 
operations necessary to bring the substation into action, and 
the conditions that must be satisfied by the machinery before 
the successive operations are permitted to occur, can be traced 
in detail in fig. 145. It should be noted that the 220 volt A. c. 
bus line from which the controlhng devices are operated, is 
continually excited from the incoming line, through a small 
transformer provided for the purpose. 

Sequence of Operations for Starting the Machinery. — 
The device which is ultimately responsible for starting the 
machinery is, in this case, the contact-making voltmeter 
(No. 1), which is connected permanently between the positive 
line-conductor and ground. As a train approaches the sub- 
station, and recedes from the adjacent substation, the drop in 
the line conductor increases, until a certain prescribed minimum 
value of the voltage is reached, at which the voltmeter (No. 1) 
opens the operating circuit of the relay (No. 2), which had 
previously to this been energized from the control busbars. 
This relay in dropping closes the circuit of relay (No. 3), 
causing it to pick up and energize the contactor (No. 4), 
provided the hand reset switch and the contacts of the low 
alternating voltage relays (No. 27) are closed. Relay (No. 2) 
is provided with a dashpot intended to prevent the starting 
of the machine in consequence of short spells of low voltage. 
The sequence of subsequent events is governed by the motor- 
driven drum controller (No. 34), which in the '' off ” position, 
provided the brushes are raised from the commutator of the 
rotary, completes a circuit from the control bus, through 
contactor (No. 4), the fingers 13 and 16 of the drum-controller, 
and the operating coil of contactor (No. 6). The closing of 
(No. 6) completes the circuit which supplies power to the 
motor of the drum-controller and starts this rotating. After 
* Trans. A.I.E.E., vol. 39, p. 659. 
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a brief interval segment 15 makes contact with its finger, 
causing contactor (No. 5) to close, which in turn energizes 
the operating mechanism of the oil circuit breaker (No. 7), 
which connects the main transformers to the line. The 
operating coil connection of contactor (No. 5) is then trans- 
ferred from segment 15 to segment 14, its circuit passing 
through auxiliary contacts on the oil circuit breaker, which 
ensure the return of all devices to their normal zero positions 
should the breaker open for any reason. Segment 2 then 
makes contact, causing the contactor (No. 10), which connects 
the rotary to the low voltage taps of the transformer, to close, 
provided the three-phase supply is available, as determined 
by relay (No. 32). The rotary then starts up, and meanwhile 
the drum controller pauses at the gap in segment 16 until it has 
attained approximately synchronous speed. When the rotary 
has reached this speed, the speed control switch (No. 13) 
closes, bridging the gap by the aid of segment 20 and causing 
the drum controller to restart and continue the process of 
connecting the rotary to the line. 

Taking Load. — Segment 3 now makes contact, causing 
contactor (No. 31) to close and connect the rotary fields to a 
250- volt supply obtained from a small generator on the drum 
controller motor shaft. This is to ensure correct polarity. 
Contactor (No. 31) is then opened, and contactor (No. 14), 
which connects the rotary field between the brushes, is shortly 
afterwards closed by the agency of segment 4. Very soon 
segment 5 causes the running contactor (No. 16) to close, 
contactor (No. 10) being simultaneously opened. The starting 
and running contactors (Nos. 10 and 16) are interlocked both 
mechanically and electrically, in order to prevent the accidental 
short-circuiting of a portion of the transformer winding. The 
rotary being now connected with the supply on the alternating 
current side, segment 26 starts the motor-operated brush gear, 
causing the d.c. brushes to be lowered on to the commutator, 
and completing the operation of preparing the machine for 
connections to the busbars. Segment 7 is now connected to 
the positive terminal of the rotary and almost immediately 
afterwards segment 8 comes in contact, completing the operat- 
ing circuit of the d.c. line contactor (No. 18), through field 
relay (No. 30), polarized relay (No. 36), and auxiliary switches 
on running contactor (No. 16) and control contactor (No. 4). 




1 i 

! ^ 

|g rday. (8) Time d#rs. (28) Feeder load limiting relays. (24) Converter load limit- 
Mactor for making cd(27) A-c. low-voltage relay. (27a;) AuxUlary relay for No. 27. 
le-phase oil elrcult-br^nt relay. (80) Converter field relay. (81) Converter field con- 
fmer, 220 volts. (12) »tective relays. (88) Thermostat relays. (84) Motor operated 
|fleld contactor shunt llrect-current underload relay. 

|d limiting contactors.! 
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These provisions ensure that before the line contactor is closed, 
the machine has correct polarity, excited field, and full alter- 
nating voltage connections. As soon as the line contactor 
closes, the machine delivers current through load limiting 
rheostats, which however are almost immediately short- 
circuited by means of contactors (Nos. 20 and 21) operated by 
segments 9 and 10 of the controller. The drum is then stopped 
by the break in segment 17. 

CxJURENT Relay. — When the line contactor closes, the flow 
of current to the line causes relay (No. 37) to close, and as long 
as this is closed, relay (No. 3) remains closed, regardless of the 
. contact-maldng voltmeter (No. 1), whose action started the 
operations. Thus the control of the station is now dependent 
on the contacts of (No. 37), which remains closed as long as the 
current supplied by the rotary exceeds a prescribed value. 
Should the current fall below this value, relay (No. 37) opens 
and causes relay (No. 3) to open, after a certain interval of 
time determined by a dashpot, and the station then shuts 
down. The dashpot is provided in order that momentary 
* or brief low values of the current may not shut down the 

station, although causing relay (No. 37) to open. 

I Shutting Down. — When the station shuts down, relay 

I (No. 3) opens, causing contactor (No. 4) to drop out, and in 

I doing so to open the operating circuit of fine contactor (No. 18) 

I and control contactor (No. 5). The opening of the last causes 

running contactor (No. 16) to open, and at the same time 
establishes a circuit which closes contactor (No. 6), thereby 
starting the controller (No. 34) and running it to its ‘‘ off 
position. During this operation segment 24 trips out the oil 
■ circuit breaker, and segment 25 causes the commutator brushes 

to be raised, thus leaving the apparatus in readiness for the 
next demand for load. 

Protective Devices. — The preceding description deals 
briefly with the operation of the apparatus under normal 
^ conditions, but there remains the equally important functions 

of protecting the machinery if something untoward occurs 
^ whether on the railway, in the supply, or in the apparatus 

5 itself. Some of the protective devices have already been 

referred to in the foregoing description. In the event of a 
heavy overload relay (No. 24) opens, causing contactor (No. 20) 
to open and insert resistance in the machine circuit. A further 




ItAILWAY ELECTRIC TRACHIOX 


2711 

iiif*n»a,sc‘ <»f load opens relay (No. 25) and inserts still more 
resist-iincae Individual feeder loatis m'v liniit«Hl in like manner 
hymieansof an ov(‘rload relay (No. 25) ami eon!aet«>r (Xce 1!>), 
whicdi sliort-eireuits a rc‘siHtance. A continued ov.(*rload raises 
leinpcu'aiurt* re-lay (No. 55) and .sliuts down the station. The 
heating of tlie machhu* hearings in like* inann(*r ojams relay 
(No. 5H), catising tin* main circuit hrc‘ak<*r tf> cjptat ami shut 
down the statifun Relay (No. 29) provides against reversal 
the continufuis current, and sptaal limit Hwitc'h (Nh>. 12a) 
iigaiiiHt oveu’-speed in the rotary. Sliould the liiH*»c'oritaetor 
(No. I H) freeze in, tin* machine would motor from tin* d»e. end 
whfui tin* A-C!, .supply is eut oil, and the exet^ssive Hpee^I result- 
ing t ri{ )s flu* hand-reset eireuit. br<*aker (No. 15) hy t hi* operatimi 
of .speed swit(*h (No. 12). In ease* i>f a short canmit on tlte A-e. 
side of tin* eeplipment , tin* (h‘iinit<‘ time limit mvia’liaui relay 
(Nm 2H) trips out tin* main oil I’inaiit hnaiker, Hlmtting clown 
ihi* statiem, and at the* same time cjpcuung the* hand re wt 
Hwitidn In either ease* thc^ visit of an inspca’t«»r to iiiv<*sfigiite 
the eiiusc* cd the* trontde is n(*ec‘Hsary hedore the station ean la* 
returmal to o}>c*nition. 

Wlic*n* there an* two units in tin* suhstalion, tlie first is 
lirought into (»p(*ration by low vedtage* and tin* seefuid hy 
eontinucal higli enrnmt. Howmer, the* cdiminiition cd the 
iittendaiit nniiovc*H the* ednef incamtivc* to the use* id a large 
aggregate «d maeliinmy in the suhstatican and it heeomes 
priiiiJc*ahie %vith little extra expense* tcc dispc»se the plfini in 
single units, at short intervals nhmg the route. In tliis wiiy 
file tnu’k drop and line* dn^p an* nalueed, and the line erne 
dw'tiirs may Iw* made smallm*. Indeed, tin* automatie sith- 
station introdiiees a lanv f(*ature into railway operiition. If 
full use is madi* id its iidvantagisH, the* whole* layout is affreled. 
It is not merely a question cd adding luitoiiiatic' devica*s to 
existing siilisiations, or ed locating aiitomatie siilistutioris 
wdiere atlmided sulestations migld; have* lief*ii. but <d stiiiiyiiig 
ilie wdicile mutter anew, liavtrig regard te^ the fiic*t tiint it m 
jiriii*tieuhle to clistrilniti! the feaaling points wdtb mmdt greater 
freeclom tliiin hc*retofore. Howc-jvit, the tiiiti* liiis tint yet 
iiiTiVefl wdien thc^ iittemdcal sulistation cain be enf iredy dtepmiHfai 
hut tlie utuiitended statiem iievertheleHH iippeiirH ii, 
promising development, parlknilarly for lines on wliitdi the 
traffic i« infrequent. 
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Portable Substations. — On certain sections of line, the 
traffic is normally light : but on a few days in the year, as on 
the occasion of race meetings, it is exceedingly heavy. To 
instal substation machinery sufficient to deal with the heaviest 
traffic would clearly be uneconomical under these circumstances. 
The case can however often be met satisfactorily by using a 
portable substation, consisting of one or more box-cars con- 
taining the necessary machinery, and capable of being moved 
on the rails to any place where an undue load is expected. It 
is then only necessary to make permanent provision of trans- 
mission lines and suitable sidings, and these will in many cases 
be already available. The portable substation may be auto- 
matic or attended according to the use to which it is to be put. 
It has hitherto been practically confined to America. 
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SYSIEMS OF ELECrrRIFICATION 

in the foregoing chapters, some ae(‘ounl lias hetm givcni of 
th(^ plant and aj)paratus (nnployed in the eh^etrieal w<»rking 
of railways; and although tin* (‘ireumHtane(‘s und(‘r whic*h 
devie(‘s an^ us(‘d hav(r geiHU’ally hecni indieati‘d, it appears 
dc*Hinihl(‘, evcai at the risk of repetition, or of dealiitg witli trite 
matter’s, to de.vot(‘ a chapter to the eonsidcu’ation cd’ electrical 
opca’ation as a whol(‘, distaissing thm'idn th(‘ imdhods that 
expcu'ience has (h*vcdoped and approved in connection witli 
thci varitms systems of (deetritication. At the time of writing, 
thi^ art as applicai to main-line railwaiys is in a ('ornparatively 
candy stage of dcwc^lopment, and it is natural that thc^ nadhods 
that havet Ikhui (‘inployed are not alwaiys siudi as would have 
l)(;en used if thc^ (‘xptaacmee gained in thedr use eotdd have lic»en 
foreseem. It is howeven* nai usually praetieahk* to make 
(dianges in c*ss(mt ials after a system has been pid; into operatiom 
for such clianges an* very expensive, and elearly uneeonomk’al 
unl(*HH thi^ emiain bemefit from their ndo{)tkm is Bufiictient to 
warrant thc^ large outlay involvcah TJun’e is accordingly 
greater* diversity in existing installations than teehriieiil and 
eeonomic eemsiderations warrant, but the tendency is now 
towiirds a fenv eicnuiy distinguished systems and Hul>staritiiilly 
uniform mcdJiods of working. Thc;re are ticree primary systems 
of opfu'atioiu distinguisliiHi by the form of supply of pow-'er to 
the trains : (1) the eemtinuous current system, (2) the single- 
jihase systcun, (2) the pedyphast* systeim In addition to ihesi% 
two subsidiary systcuns may he* reeognizcal : (1) the split- 
phase system, in winch the distribution is single-phase; and the 
locomotive motors of thc^ polyphase type; (2) the recdJfier- 
loeomotive system, in which the distribution is single-iihaie, 
and thc^ locomotive motors of the eoritiriiiouH curnmi type. 
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THE CONTINUOUS CURRENT SYSTEM 

The continuous current system is the oldest and, in some 
applications, the most nearly standardized system of railway 
working. As applied particularly to urban and suburban 
passenger service, it is a natural development of. the electric 
tramway, and the success of the system in such service arises 
in great measure from the same causes as have led to its success 
in tramway work, being chiefly due to the very suitable charac- 
teristics of the continuous current series motor for train service 
in which stops are frequent. The practicability and economy 
of employing a multiple unit system of train operation have 
also contributed to its success in dealing with urban traffic. 
The continuous current system has however been adapted, 
with complete success, to the heaviest classes of main line 
service, and there is now no railway traflS.c which could not 
be satisfactorily worked by the system. 

General Description of Plant. — ^Energy is generated for 
this system in polyphase form, usually three-phase. The 
voltage of generation is immaterial, but the frequency is a 
matter which may affect the cost and nature of the substation 
plant. Eor efficient generation, by means of steam power 
plant, the higher frequencies are preferable ; but for the most 
satisfying conversion, particularly when the distribution 
voltage is high, the lower frequencies have the advantage. 
When a generating station is erected for the sole purpose of 
dealing with a railway load on this system, the frequency 
chosen is usually 25 cycles. At the same time it is becoming 
recognized that, in the interests of economy and efficiency, it is 
desirable to combine the railway load with other industrial 
load, which in this country is more usually at a frequency of 
50 cycles ; and this in spite of the fact that the higher fre- 
quency is less suitable from the point of view of conversion to 
continuous current. The transmission of the power to the 
substations may be either by cable or by overhead lines. The 
usual, and in general the most satisfactory and economical 
substation plant for the system, consists of transformers and 
rotary converters, with appropriate switchgear and accessories. 
Where the voltage of distribution, having regard to the fre- 
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quency of supply, is too high to make this a practicable 
solution, the motor converter or motor generator may replace 
the rotary converter. The mercury vapour rectifier is another 
possible alternative. If the voltage is sufficiently low, the 
distribution of energy to the trains may be effected, on the 
positive side, by means of insulated conductor-rails laid beside 
the track ; or at higher voltages, by means of overhead trolley 
lines, the track rails being usually employed as return conduc- 
tors in either case. Most of the London Electric Railways 
however use an insulated negative conductor rail, whilst on 
the Lancashire and Yorkshire Railway electrified lines, an 
uninsulated negative rail helps to carry the current collected 
by the track rails. 

The train equipments are, for urban passenger lines, carried 
on special motor coaches, any desired number of which can 
be included with traihng coaches in a train, and controlled 
from a driver’s compartment at the head of the train. 
Motor coaches are of two general kinds, those having two- 
motor equipments and those having four-motor equipments. 
Both arrangements are used in urban passenger service at low 
voltage, but the four-motor equipment is the usual practice at 
the higher voltages. There is a tendency in this country to 
concentrate much power in a few motor coaches, often equipped 
with four motors each ; and to make up the trains with many 
trailers. In America, on the other hand, it is common to 
compose trains entirely of motor coaches, each carrying a 
two-motor equipment. The British practice makes for initial 
cheapness ; but, in so far as it has sought to use more powerful 
motors than the bogie of a motor-coach naturally accommodates, 
it compels the sacrifice of desirable features in the design of 
the motors, leading in the long run to greater expense of 
upkeep. American practice, on the other hand, makes for 
flexibility in operation ; and, in that it imposes fewer restric- 
tions on the design of the motors, is economical in maintenance. 
It is also usually preferable from the point of view of control, 
since the adhesion of the driving wheels is farther removed 
from the hmit. For the heavier classes of main line service 
the driving equipments are carried on special locomotives 
designed for the purpose. The controlling gear is arranged so 
that the motors can be grouped in different ways for starting 
the train and for varying the speed of running. 
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Distribution Voltage. — It is usual to distinguish, the con- 
tinuous current system according to the voltage of distribution ; 
but, although there are considerable differences between 
extremes, there is no real line of demarkation between the 
high voltage and low voltage continuous current systems. The 
greater part of the work that has been carried out, and indeed 
all that of importance before the advent of the commutating 
pole railway motor, has been at a motor voltage of 550 to 650 
volts, this marking about the practicable limit of successful 
operation with non- commutating pole motors. Since the 
development of the commutating pole motor, however, there 
has been a growing tendency towards the use of higher voltages, 
a practice which has the advantage of bringing larger areas 
within the range of economical operation. Whether the use 
of the distinguishing adjectives has reached stability, or 
whether indeed stability is possible in the case, time alone 
can show ; but at present the terms are used practically in 
their historical sense, the low voltage system working in the 
neighbourhood of 600 volts, and the high voltage system at 
substantially higher voltage. 

Low Yoltag-e System. — It is a mistake to look upon the 
low voltage system as in any sense obsolete, or as being tolerated 
on account of the expense of proceeding to higher voltage. 
Where the traffic is dense and difficult, req^uiring frequent 
trains, which start quickly and stop at short intervals, the' 
balance of advantage is still with this system. If the question 
of the electrification of the London Underground Railways 
were under discussion to-day, it is probable that an unbiased 
consideration of the circumstances would indicate, as the most 
suitable and economical methods of operation, substantially 
those in actual use on the railway. Doubtless commutating 
pole motors cooled by induced draught would be used through- 
out, and other late improvements introduced ; but it is 
unlikely that a radical change of methods would be rendered 
desirable in view of our present-day knowledge. 

The great strength of the low voltage continuous current 
system for service in which trains have to be started rapidly 
and often, lies in the peculiar suitability of the driving motor 
for such work, in its mechanical ruggedness, in the relation 
between its torque and speed, and in its comparatively small 
and well-distributed internal loss, which can be dissipated 
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without tmcliK* local rise of temperature. No other type of 
motor liiiH yi‘t l)e(‘n prodtuH^d whicli, taken in relation to its 
Mize luifi Hi*rviee c*apa(‘ity, approa(‘heH the coniinnoun current 
mc4c»r in the laiim* renpeet ; and its reliability in service and 
low rniiintenaiua*. cost are tlic direct rc^HultB. No other type 
of <*c|uipfnent nHa‘er)ver apprcauthes tin* continuouH eurrent 
in vvlnm apjdic»d to ilu* Hcawiec? under eonsideration ; 

and light is a niost denirahli^ feature in the (*(|uipni(uit for 
tliiH elam of serviee, in which tin*, energy consumption is ntiirly 
proporiionid to Wiught of tin* train. 

"fllE HtfiiiKic Voi;rA(H%s. As the vcdlagt* is inereascal tlic* 
dillieuliy of d«*signing tin* motors inen*aH(‘H 5 espeeinlly sucdi 
iiioforH HH can he c-arriial on the eoneh-trueks. This is fUily 
slightly on aeeount of the* inc‘r<*as(*d insulalifui ainl erec*page 
siirfiU’CH lunalech hut lnrg(*ly cm aeeount ai the gre^ntfu' peripheral 
iauiiniutator Hpnee luH-essitated by th<‘ high vc^Itage ladwecm 
hrushcH. A point is soon rea<dH*d when* it is no hmgeu* praetk:- 
aide to design a good motor for the* line* voltage; and the 
iindorH, although insulated for the full line voltag<n are wound 
for a half of tliis, and operatt*d at h*nst two in Heri(*s. This is 
tj'ie priderred priieiic’e for multiple unit trains using tlii* Iiigli 
viiltiige cairiiiiiuotts eurrent system. It lias the diHiidvantage 
of iiiiikiiig four inotcu’s the* <*oriirol unit» so tiiai four-motor 
ca|iii{niients are nca^dcal, and if a !iud.cu' is disahlc/d at least t%vo 
nriii SfinietiiiieH four must he* emt out. As tlie vedtage is raised 
still ftirtlicu% tlie imiltiph* unit train t>c*eomf*H less and less 
desiriilile on iteeoiirit of the* difliemities of rtiot<ir-dc‘sign, mid 
lit the highest %adtiigf*s tlii* separate* loeomolivt* is tlie only 
priicdiealile itieiftod of working the traffic cdlieiently. 

Alllioiigli only two varieties of eoniinuous mirrerit operation 
liiive diHiiiiguishcai, tho fonigoing diseuKsion inclientes 

iimt three might more logically be reeognizc*fl. Tltc»r«‘ ts a low 
viiltiige systium ext4Uiding }K*rha|iH to aliout HiH) volts, hut 
piirtlctiliirly distinguished by thc^ employiiKuit of tniin-mcitors 
rn’miiid for ifie line voltage. Tiiis is suitable for tliii heaviest 
tirhaii service. There is a madiuiti voltngc^ syatiuri, extending 
to perhaps doiililc* tJii* above figure*, in wdiicdi the motors are 
preferiilily W4,iurid for half line voltage, and in widcli multiple 
unit trains coiriposeil of motor and traik^r coimhes are still 
{iriioticfibli?. Tltm k aiiitabk for iimiii line work in wall- 
}:♦rlpll!llteci coitiitriiis. Them is a high voltage n}mUmi in which 
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the motors are wound for a fraction of line voltage, but in 
which locomotive operation alone is practicable. This is 
suitable for main line work in sparsely populated countries, 
and for hnes exclusively concerned with goods service. 

Method of Distribution. — ^In the low voltage system the 
current is large and power is usually distributed to the trains 
by means of conductor rails. The preferred substation unit 
is the rotary converter, with transformers. The possibility 
of using this form of plant is indeed one of the reasons for 
preferring the system of operation wherever traffic is sufficiently 
dense. The trains used in service for which this system of 
operation is suitable are almost exclusively of the multiple 
unit type. 

In the medium voltage system, the power may be distributed 
to the trains either by conductor rails, as in the case of the 
Manchester-Bury line, or by overhead trolley lines, as in the 
case of the Victorian Railways. The substation plant may be 
based on rotary converters, operated in independent units if 
the freq[uency is sufficiently low, or, at higher frequency, oper> 
ated in pairs connected in series. The motor converter, motor 
generator, or mercury vapour rectifier may also be used. The 
trains may be hauled by locomotives or by motor coaches in 
multiple unit. 

In the high voltage system, the power is distributed by means 
of overhead hnes. The substation plant may be based on the 
motor generator, or the mercury vapour rectifier, although 
to the present the first only of these has been employed for the 
work. The trains in this system are locomotive-hauled, for 
not only is it inadvisable to cramp the design of the motors, 
but the control equipment occupies much greater space than 
is the case when lower voltage is used, and the motor coach is 
not a suitable vehicle for carrying it. 

Regeneration. — ^In mountainous districts, where gradients 
are long and steep, there is great advantage in keeping control 
of the trains on falling gradients by causing the motors to 
regenerate, or to act as generators driven by the descending 
train itself. In this manner the speed is restrained without 
the need of running with brakes applied, a practice which 
wears both brake-blocks and tyres rapidly, and sometimes even 
loosens the wheel-rims on their centres. Incidentally, energy 
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is fed back to the line for use of other trains. In the continuous 
current system, regeneration is effected by exciting the fields 
of the motors with greater or less intensity, from a separate 
source, which may consist of a motor generator, an axle- 
driven generator, or even one of the driving motors themselves. 
Regeneration necessitates the carrying of a considerable amount 
of extra gear on the locomotive, and on this account is in general 
hardly worth the expense merely for the purpose of securing a 
return of energy in stopping the trains. Its practical use is 
therefore for this system of operation confined to certain 
sections where gradients are suitable. Since the energy 
returned to the line may sometimes pass through the sub- 
station, it is necessary that the power converting units should 
be reversible in their nature. The mercury vapour rectifier 
is accordingly ruled out, as a converter for use when regenera- 
tion is employed. 

THE SINGLE-PHASE SYSTEM 

In the single-phase system of operation, the power is pre- 
ferably generated single-phase, at frequency suitable for use 
by the trains ; and is fed directly to the distribution system 
at high voltage. The distribution pressure may be anything 
that it is practicable to deal with on a locomotive ; and voltages 
up to 20,000 have been tried experimentally, whilst 15,000 
volts is actually in use on the Swiss railways and elsewhere. 
A low frequency is very desirable in the interest of satisfactory 
operation of the train motors, although less suitable for pur- 
poses of generation and transformation ; and frequency of 
15 to 16 1 cycles per second is generally accepted as about the 
best compromise. The trains are preferably locomotive- 
hauled, for the single-phase motor is not satisfactory if cramped 
for room. The system has many modifications which are used 
as the circumstances of particular cases require. 

A low frequency single-phase supply is not well suited for 
generation by means of steam plant, which for such purpose 
is unduly expensive and inefficient. The load-factor of a 
railway moreover being in general very low, generation for 
the sole purpose of railway supply is apt, for this reason also, 
to be expensive, whether the prime movers are worked by 
steam or water-power. The single-phase railway supply is 
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however useless for any other purpose on account of its 
low frec[uency, so that the load cannot be directly combined 
with the industrial load of a district and the load factor thereby 
improved. The generation is therefore on all counts handi- 
capped by the system of operation. The situation may be 
accepted as it stands, or a compromise adopted. In England 
and America, the compromise has taken the form of employing 
the higher frequency of 25 cycles. This is perhaps the least 
satisfactory way of evading the difficulty ; for it throws the 
stress on a much weaker element in the chain of appliances, 
viz. the train-driving motor. A preferable compromise is to 
take the railway supply through a motor-generator acting 
also as a frequency changer. The generation may then he 
performed in the most economical manner, and the railway 
load combined with the local industrial load. This arrange- 
ment, although detracting from the severe simplicity of 
single-phase generation, is usually less expensive in spite of the 
introduction of the converting machinery. 

The chief attraction of the single-phase system, however, 
lies in the simplicity of its distribution arrangements. Even 
before a suitable motor for train-driving had been developed, 
it was predicted that the system would prove the only practic- 
able one for main line railway working, principally on account 
of the fact that power at high voltage could be taken from 
generation station to train by means of an overhead trolley 
wire, and there reduced to a suitable value for use by means 
of a simple transformer. The prediction has not been justified 
by events, and the distribution has proved less simple than was 
expected ; but it nevertheless remains the strongest feature 
of the system, and that on which all its claims to superiority 
are based. 

Interference with Communication Circuits. — ^Where 
the railway is an extensive one, the project of feeding the whole 
of it directly from the power station has to be abandoned ; 
for the distribution voltage, although as high as can be dealt 
with on a locomotive, is not high for purposes of simple trans- 
mission. This however does not detract seriously from the 
merit of the system ; for the provision of transmission lines 
and a few transformer substations is a minor matter in con- 
nection with such a railway. Much more serious is the effect 
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of a distribution system grounded on one side and fed by 
alternating current at a few points in producing disturbance 
in neighbouring telegraph and telephone systems, an effect 
which may extend to several miles from the railway. On 
account of this, the notion of feeding the railway in this simple 
manner becomes quite impracticable. It is necessary to 
parallel the railway throughout with insulated feeders, and 
booster hnes, connected to the distribution lines through 
transformers at very frequent intervals. The purpose of these 
devices is to reduce to the smallest practicable amount the 
current straying from rails to ground, for it is these currents 
which are chiefly concerned in producing the disturbances 
in the weak current circuits. Although the transformers are 
often placed out of doors and need little attention, their cost, 
with that of the additional lines, increases considerably the 
cost of the distribution system. The result moreover is 
amelioration, and not cure ; and it is still necessary to remove 
the weak current circuits from the immediate vicinity of the 
railway. It is not an over-statement to say that this inter- 
ference with neighbouring communication circuits is one of 
the chief objections to the use of the single-phase system of 
operation in populated regions. 

The Locomotive Motors. — ^The train motors are now 
generally of the compensated series type, sometimes however 
being started as repulsion motors. The motor- voltage is low, 
and auto-transformers are used for stepping down from the 
distribution voltage, — ^taps being provided for purposes of 
starting and speed variation. The limitations of motor design 
make it the preferable practice to concentrate the driving 
power in a few large motors rather than to drive the locomotive 
axles individually. The preferred locomotives are accordingly 
of the coupled wheel types, in which the power of the motor is 
transmitted to the wheels through a jack shaft and a pair of 
horizontal side rods. 

The dynamical characteristics of the single-phase railway 
motor resemble those of an unsaturated continuous current 
series motor, and for the purposes of general railway work are 
quite as suitable as this machine. Indeed for most classes of 
service it is decidedly superior to the ordinary continuous 
current motor, for the variation in power taken by the train in 
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running is smaller ; and accordingly, if due advantage is taken 
of this characteristic of the motor, a smaller reserve of power is 
req[uired in the generating plant. For heavy urban passenger 
service however the need of rapid acceleration governs the 
train control, and the high peak of power at starting is inevit- 
able. The dynamical characteristics of the single-phase motor, 
in so far as they differ from those of the continuous current 
motor, are more suitable for main-line service, and less so for 
service which requires frequent and rapid starting of the 
trains. 

Energy Loss and Heating. — ^The loss of energy in the 
interior of the single-phase motor is much greater, in proportion 
to the input, than that of the continuous current motor, 
particularly when used in service which calls for frequent 
starting of the trains ; and more efficient cooling arrangements 
have accordingly to be adopted in order to get rid of the heat 
developed. Forced draught is used wherever practicable for 
cooling the motors and transformers. For motor-coach 
work, and particularly for multiple unit trains, in which the 
motors are likely to get no attention for long periods, the use 
of the external blower is inadvisable, besides being incon- 
venient. In such work, if the service is heavy, it is usual to 
allow the motors to run hotter than would, but for the necessity, 
be considered good practice. 

Weight of Electric Equipment. — ^The single-phase motor, 
working as it does at low saturation, is inherently much heavier 
than the continuous current motor of equal dynamical capacity ; 
and the difference is accentuated by the fact that the frame of 
the motor cannot be used as magnetic material. On the basis 
of equal service capacity, with similar methods of coohng, the 
difference of weight is even more marked, on account of the 
great internal losses in the single-phase motor, particu- 
larly at starting. The transformer is also a heavy item. 
In average urban passenger service the equipment weight per 
unit weight of train is some 75 per cent, greater in the single- 
phase system than in the continuous current system, even 
when allowance has been made for the motors being permitted 
to run hotter in the former system. Since the equipment 
itself accounts for a considerable fraction of the train weight, 
the total increase in its weight exceeds the above figure ; and 
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the more exacting the service the greater is the disparity. Thus 
if, in the continuous current system, the equipment weight is 
only 10 per cent, of the train weight, the single-phase equip- 
ment works out about 91 per cent, heavier, and the train itself 
about 9 per cent, heavier. If however the equipment weight 
is 20 per cent, of the whole in the continuous current system, 
the single-phase equipment would be about 115 per cent, 
heavier and its train about 23 per cent, heavier. Even these 
increases are conservative, for they take no account of increase 
of train weight required to carry the heavier equipments — 
the possible increase in the number of motor-bogies or in 
stiffness of underframes. It indeed generally understates 
the facts to assert that the single-phase equipment is twice as 
heavy as the equivalent continuous current equipment for 
urban passenger service by multiple unit trains. 

The great comparative weight of the single-phase equipment 
implies a cost approximately in proportion ; and the increase 
in weight of the train leads in itself to a corresponding increase 
in the energy consumption. In multiple unit train operation 
however the train equipments, even in the continuous current 
system, usually form by far the biggest item in the expenditure 
on plant ; and a system which doubles this item without 
improving traffic facilities, and at the same time increases the 
energy consumption, not to mention the maintenance cost, 
whilst interfering seriously with neighbouring communication 
systems, has no future for the class of work under considera- 
tion. 

Eor normal railway service, in which trains are, of necessity, 
locomotive-hauled, and the distance between stations is great, 
some of the disabilities of the single-phase system, as above 
enumerated, disappear. With the motive power concen- 
trated in a few large motors, which are kept cool by means of 
external blowers, and supplied at suitable low frequency, the 
locomotive, although in general more costly than the equivalent 
continuous current locomotive, is not disproportionately so ; 
and the saving in the substation and distribution systems is 
substantial. The chief objections to the single-phase system 
as compared with the other for such service, are : (1) the more 
costly generating plant for the low frequency; (2) the greater 
quantity of generating plant due to the fact that it cannot 
combine its load with the local industrial load; (3) the inter- 
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ference of the distribution system with neighbouring com- 
munication circuits; (4) the more costly locomotives; (5) the 
less satisfactory type of locomotive, which is costly in main- 
tenance. Whether these outweigh the saving in the substation 
and distribution systems depends on the circumstances of the 
case ; and a general statement would in the present state of 
development be inappropriate. 

THE POLYPHASE SYSTEM 

In the polyphase system, power is generated in form and 
frequency as required by the trains. This may be fed directly 
to the distributing system, or transmitted at high voltage to 
distant feeding points, and there reduced in pressure. The 
term polyphase in this connection practically means 
three-phase, and two insulated line conductors are necessary, 
the third connection being made through the track. The 
train motors impose no natural restriction on the frequency 
of the supply. The Italian State Railways, which furnish the 
chief examples of polyphase operation, use frequencies from 
15 to 16| cycles per second, the low value being used presum- 
ably in order to enable the motors to be run without gearing, 
and at the same time to have a good power-factor although 
made with comparatively large air gap. The Great Northern 
Railway (Cascade Tunnel) uses a frequency of 25 cycles, the 
motors being geared to the wheels. 

There is some difficulty in locating two overhead conductors 
and two sets of collector gear in such manner that under no 
conditions can the one encroach on space belonging to the 
other. At special work particularly the overhead system 
becomes complicated. In consequence of this, the voltage 
used for distribution is not so high as is the usual practice in 
the single-phase system. The Italian railways are run at a 
pressure of about 3,300 volts, using sliding bow collectors. 
The Cascade Tunnel electrification is run at 6,600 volts, but the 
current is in this case collected by means of trolley wheels 
carried by poles, the speed being limited to about 15 m.p.h. 
The distribution lines, like those of the single-phase system, 
affect neighbouring communication systems deleteriously ; 
but the trouble is perhaps less marked, on account of the less 
pronounced harmonics arising from the motor-slots. 
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Locomotive Motors. — ^The train motors are of the induc- 
tion type, and for mechanical merit no better selection could 
be made. Having no commutator one of the principal sources 
of trouble in the other systems is avoided. The construction 
is rugged, and, but for the small air-gap, the motor has no 
essentially weak features. The small air-gap is desirable in 
order to obtain good power-factor and efficiency ; and, although 
a larger gap is usually permitted in traction motors than in 
stationary induction motors, this feature has to be continually 
looked after as the bearings wear. The motors may be wound 
for line voltage, as on the Itahan locomotives, or transformers 
for stepping down the voltage may be carried, as on the 
Cascade Tunnel locomotives, whose motors are wound for 500 
volts only. The rotors are wound, in order that a good start- 
ing torque may be obtained by the insertion of resistance. 
The motors are sometimes controlled in pairs, being then 
connected initially in concatenation or cascade, and afterwards 
in parallel. With similar motors connected in cascade the 
locomotive runs at a half of full speed. In some cases the 
motors are designed so that the number of poles can be changed 
by change in the connections, and other speeds are then 
obtainable. This is common in the Italian State Railway 
locomotives, such running speeds as 37*5, 50, 75 and 100 km. 
per hour being obtained on some of the locomotives by the use 
of a cascade and pole-changing control system. 

The dynamical characteristics of the induction motor are 
not very suitable for railway work. It is essentially a constant 
speed motor, and a small variation in its running speed causes 
a large variation in its tractive effort. With separately driven 
axles, even a small difference in the size of the wheels of a 
locomotive throws an unduly great part of the load on the 
axle which drives the larger wheels. It is therefore sound 
practice to couple the driving axles, as is done in the Italian 
locomotives. Even then the locomotives have usually to be 
run singly ; for if two locomotives, having wheels of slightly 
different diameter, were hauling a train, one would take the 
greater part of the load. An attempt is sometimes made to 
rectify this by running the faster locomotive with a certain 
amount of outside resistance permanently connected in the 
rotor circuits of the motors. The remedy however is in 
general only partial, and leaves to the driver an adjustment 
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wMch should depend on. considerations of weight of train, 
gradient, wind and other circumstances, hut which he can only 
judge hy indirect observation. The constant speed character- 
istic of the induction motor makes the polyphase system q^uite 
unsuitable for multiple-unit train working. Another conse- 
quence arising from the same cause is that the power taken is 
practically proportional to the tractive effort, and the peaks 
due to gradients and the like are much more pronounced than 
in systems in which the speed falls with increase of tractive 
effort. 

Regeneration. — The induction motor possesses a feature 
of great value in certain classes of railway work, arising from 
its dynamical characteristics. This is the property of regener- 
ation, whereby without any special apparatus, and in fact 
without necessary cognizance of the diiver, it returns energy 
to the line whenever the conditions exist to provide the energy. 
As long as the locomotive is hauling, the motors run at slightly 
less than synchronous speed, taking energy from the line ; 
but when the train reaches such a down gradient that it tends 
on its own account to increase its speed, the motors, then 
running somewhat above synchronous speed, begin to regener- 
ate. This is a very valuable property, particularly where the 
gradients are long and steep ; not only, or even principally, 
on account of the saving of energy, but particularly on account 
of the simpler and more reliable control of the train which is 
thereby rendered less dependent on the judgment of the 
driver. The extensive use of the polyphase system in Northern 
Italy is probably to be ascribed in large measure to the exist- 
ence of conditions favouring regeneration. The return of 
energy to the line when there is no load to absorb it is an 
embarrassment; and special provision of artificial load has 
usually to be provided in the generating stations to meet 
tie emergency. As has been mentioned, regeneration is prac- 
tised with other systems of operation, being used regularly, 
for instance, on the Chicago, Milwaukee and St. Paul Rail- 
way. It is however not in these cases a natural characteristic 
of the motor used, but requires a considerable amount of 
external apparatus, and is dependent on the driver to make 
use of it at the appropriate time and in the appropriate 
manner. 


292 


RAILWAY ELECTRIC TRACTION 


THE SPLIT-PHASE SYSTEM 

The split-phase system was due to Alexanderson, who 
proposed the use of an auxiliary machine, of induction-motor 
type, to be used as a phase converter for taking power from 
a single-phase line, and giving it out, in appropriate phase 
relation to the windings of polyphase motors. The system 
accordingly has the advantage of single-phase distribution, 
but avoids the use of the single-phase motor. It is essentially 
a system for locomotive operation, both on account of its use 
of polyphase driving motors, and because it requires phase 
converters which could not be accommodated on motor coaches. 
The main connections of the locomotive wiring, as used on the 
Norfolk and Western line, are shown in fig. 70. Having 
polyphase motors, the system shows to greatest advantage 
when used for working sections of heavy traffic on which 
gradients are long and steep, and on which accordingly full 
advantage can be taken of the regenerative qualities of the 
motors. There are two such sections, using the split-phase 
system, in the United States. The Norfolk and Western 
Railway has about 30 miles of electrified route, including about 
3*8 miles of 2 per cent, gradient, against which heavy trailing 
loads, sometimes attaining 3,000 tons, are hauled. The 
Pennsylvania Railroad in its Altoona- Johnstown section uses 
the system for heavy mineral traffic ; this line has about 12 
miles of 2 per cent, gradient and 24 miles of 1 per cent, 
gradient. The split-phase system is therefore one suitable for 
meeting local conditions, but unsuitable for working the 
general traffic of railways. The use of the phase converter 
is a disadvantage against which must be balanced the advan- 
tages of single-phase over polyphase distribution. As compared 
with the ordinary single-phase system, the system has the 
advantage of not requiring an unduly low frequency. 

The Rectifier Locomotive System. — The rectifier 
locomotive is the result of an attempt to make use of the 
strongest features of both single-phase and continuous current 
systems. It has the advantage of single-phase distribution 
at high voltage, but is able to use the continuous current 
motor. In order to accomplish the object, a single-phase 
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mercury vapour rectifier, suitably fed from a transformer, is 
carried on the locomotive for the purpose of supplying the 
motor current. Such a locomotive was tried some years ago 
on the New York, New Haven and Hartford Railway, but 
apparently did not pass the experimental stage. 
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CHAPTER VIII 

PRELIMINARY MECHANICS 

Expenditure of Energy by Train-driving Equipment. 

— The energy supplied to the driving motors of a train is 
expended partly in giving velocity to the mass of the train ; 
partly in doing work against the aggregate of resisting forces 
known collectively as tractive resistance ; partly, where the 
track is incHned, in raising the train against gravity ; and 
partly in inevitable losses in the train equipment itself. In 
rapid suburban passenger service, a large proportion of the 
energy goes in giving kinetic energy to the train and is ulti- 
mately ^ssipated in the brakes. In service, however, in which 
the distance between stops is considerable, the greater part of 
the energy supplied is in general expended in doing work 
against the tractive resistance. In the latter class of service 
accordingly it is necessary, if an accurate estimate of energy 
consumption is to be made, that this resistance should be 
estimated correctly ; in the former class it is more important 
to know the mass of the train and the moment of inertia of 
the rotating masses. The effect of gradients on energy con- 
sumption is often, in the aggregate, small ; for with trains 
passing in both directions the average is, in the greater number 
of cases, but little different from the level track consumption, 
though usually somewhat greater. This is not the case, 
however, where gradients are so long and steep that speed 
restriction is necessary in descending, unless the restriction is 
effected by causing the motors to act as generators and return 
energy to the line. Where stopping places are located in 
hollows the gradients cause increase in energy consumption, 
and where they are located on summits, decrease. Some 
railways, such as the Central London Railway, are purposely 
laid out so that the stations are all on summits and the conse- 
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saving in energy is notable. What has been said of 
^i^orgy consumption as affected by gradients may also be said 
xnotor heating, except that regeneration is in this case no 
^ll^viation, but quite the reverse ; for return of energy to the 
requires greater service capacity in the motors than its 
^lissipation in brake blocks. It is in fact the increased cost 
"fclie equipment, with its greater weight and higher mainten- 
^3a.ce cost, that offset the saving of energy due to regeneration, 
make it, on examination, unattractive unless gradients 
a.x'o suitable. 

Tractive Resistance. — A great amount of labour has been 
expended with the view of determining the tractive resistance 
of -trains, by which is meant the frictional resistances to their 
^x^otion in still air on straight and level track ; but so many 
the factors entering into the determination that it is rare 
in. deed to find two sets of experiments yielding results sub- 
^■fcsbxitially in agreement. This is particularly the case at high 
»p^eds, for few experimenters have resisted the temptation of 
i;>3resenting their results in the form of a formula which has 
f irequently been applied irrespective of the range of the tests. 
If it were practicable to divide the observed tractive resistance 
of a train into its constituent elements, to determine the 
fabctors upon which each element depended and to express 
f hom in terms of the given conditions, it might be possible 
'to jjredetermine a train resistance by computation : but the 
ii.\:i.xnber of elements is large and cannot be effectively segre- 
^eht,ed, the influence of the several factors on which they depend 
is frequently conjectural, whilst the best numerical expressions 
can be found for them are usually based on arbitrary 
ixssnmptions, the matter being altogether too complex to admit 
of rational treatment. 

IMr. C. O. Mailloux enumerates the following elements of the 
f x^a/Ctive resistance of a train : — 

A. — Sliding Friction 
i . Xiubricated Sliding-Friction ; — 

(1) Rotational friction of axle or journal, 
ii. XJnlubricated Sliding-Friction: — 

(2) Slipping or skidding-friction. 

(3) Wheel-flange friction. 
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B. — Rolling Friction 

(1) Eriction due to mangling or crushing effects. 

(2) Eriction due to non-yielding inequalities of surface. 

(3) Track hysteresis. 

A.B. — Composite Friction 
(Combining sliding and rolling-friction). 

(1) Effects of oscillation and concussion. 

(2) Effects of curves, 

C. — Fluid Friction 

(Including two varieties, both involved in train-resistance.) 

(a ) Semi-fluid Eriction : — 

1. Friction of ties, ballast, embankment, earthwork, etc. 

(b) True Fluid Friction : — 

2. Air friction at head of train. 

3. „ ,, rear 

4. „ ,, sides ,, 

5. Wind-friction. 

When it is realized that not one of the above elements can 
be separated out with certainty and that the actual tractive 
resistance in any particular case can only be obtained as the 
average of a large number of more or less discordant results, 
it will be appreciated how nearly impossible it is to estimate 
it with accuracy in the case of trains differing substantially 
from those on which test results are available. Unfortunately 
the number of satisfactory tests on which estimates can be 
founded is very few, although many casual readings of tractive 
resistance are on record. 

Lancashire and Yorkshire Tests. — ^Perhaps the most com- 
plete tests of tractive resistance of modern English passenger 
stock are those of Sir J. A. E. Aspinall,* taken on trains of 
bogie coaches on the Lancashire and Yorkshire Railway. Fig, 
146 shows the type and general dimensions of the coaches. 
The curve for a train of five coaches and a dynamometer car, 
of which the weight was 116*2 English tons (268,100 lbs.), and 
length 284*8 feet, and on which upwards of 200 readings were 
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Fig. 146. — ^Bogie Coach. Lanca^re and Yorkshire Railway Tests. 
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allowed to coast to rest the resistance at low speeds is found 
to rise with falling speed after the manner shown in the figure, 
and the whole curve can be traced. However, except when 
starting a heavy goods train on a gradient, with couplings 
extended, this portion of the curve is of small importance from 
its limited extent. Mr. Aspinall’s tests were made by measure- 
ment of draw-bar -pull behind a locomotive, and therefore omit 



SPEED, M.P. H. 

Fig. 147. — Tractive Resistance. L. & Y. Tests. 


the head resistance to the motion of the train, or the tractive 
resistance directly chargeable to the locomotive. 

New York Central Tests.* — ^A large and valuable series of 
tests with trains of various lengths were made by the General 
Electric Company at Schenectady, N.Y., in connection with 
the experimental runs on the first electric locomotive of the 
New York Central and Hudson River Railroad. In these tests 
the resistance of the locomotive, which was of a type having 
practically no mechanical resistance other than is properly 
. ^ See Minutes of Proc. Inst, C.E., vol. 201, p. 243. 
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chargeable to traia resistance, was inclnded. The results of 
the tests are given in figs. 148, 149 and 150, and represent 
months of systematic work, some hundreds of runs having 
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Tig. 148. — Tractive Resistance. New York Central Tests. 


been made and readings taken with each length of train. 
Their importance is therefore of a high ordej^fSSn^S^ valtre 
is further enhanced by the fact that, as 
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they throw general light on the subject of tractive resistance 
of trains such as is given by no other series within the author’s 
cognizance. Two types of coach were used ; and, fortunately 
for the purpose of effective deduction, these were not mixed 
in the tests. Both were of the standard American saloon type 




NUMBER OF COACHES. 

Fig. 149. — Tractive Resistance. New York Central Tests. 


known as day-coaches. One was carried on six- wheel bogies, 
and the other on four-wheel bogies. The cross section of both 
types of coach, including trucks, was approximately 115 sq. 
feet. The coaches were, for some reason, loaded with sand to 
a weight considerably more than their normal passenger 
capacity. Outhnes of the two types of coach are shown in 
figs. 151 and 152 ; and the leading dimensions and average 
weights are given in table 9. 
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TABLE 9 



Six-wheel 

bogies. 

!Four-wheel 

bogies. 


ft. 

ins. 

ft. 

ins. 

Overall length 

66 

0 

55 

0 

„ width 

9 

Hi 

9 

Hi 

,, height above rail 

13 

8i 

13 

6| 

Length, body 

60 

2 

47 

6 

Distance between bolster centres . 

43 

8i 

36 

H 

Bigid wheel base 

10 

6 

6 

6 

Diameter of wheel 

3 

0 

3 

0 

Weight empty 

36 tons 

21-7 

tons 

,, loaded 

45-3 

tons 

26-2 

tons 


Berlin-Zossen Tests. — The Berlin-Zossen high-speed 
railway experiments * made in 1902 and 1903 included tests 
of tractive resistance of single coaches to speeds exceeding 
100 m.p.h. These tests were carried out with great care and 
skill, and the results showed greater consistency than is usual 
in this subject. Two approximately similar coaches were 
used, and the results obtained on one of them are given in 
fig. 153. The coach weighed 92 tons (206,500 lbs.) and had 
a length of 72 feet over buffer beams and 76 feet over buffers ; 
its cross section down to rails was approximately 110 sq. feet. 
It was fitted with 6-wheel bogies, the outer axles of which 
carried the gearless motors which drove the coach. The form 
of the ends of the coach is shown in the figure. Tests were 
also made of the air pressure on the front of the coach, and it 
was found practically to agree with the formula — 

P-:0-00275V2 . . . . (1) 

where P is the pressure in lbs. per sq. foot and V the velocity 
of the coach in miles per hour. This pressure is of course only 
fully effective over the fiat portion of the end which impinges 
directly on the air, and the difficulty in making use of the 
formula arises entirely from the impracticability of determining 
the effective area of the coach end. 

* Berlin-Zossen Electric Mailway Tests, McGraw Pub. Co., New 
York. 
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Fig. 153. — Tractive Resistance- Berlin-Zossen Tests. 

Louisiana Purchase Exposition Tests. — Important tests 
of air resistance were made in 1905 under the auspices of the 
Electric Railway Test Commission, appointed in connection 
with the Louisiana Purchase Exposition. The tests were 
carried out on a specially constructed car of the interurban 
type, in which the body and front and rear vestibules were 
separately and freely movable in the direction of the length 
of the car and were kept in position by balancing arrangements 
devised to indicate the forces tending to displace them. In 
this manner the pressure on the front vestibule and the suction 
on the rear vestibule were found. The friction on the sides 
of the car was determined by subtracting the forces on the 
vestibules from the total, but as the measured quantities were 
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curves in fig. 154, which represent the results of these tests, 
have been computed from the records on the basis of a pro- 
jected area of 72 sq. feet. Probably the best assumption that 
can be made with regard to the under parts of the car is that 
the head resistance and rear suction per square foot is the same 
as in the case of the flat-ended vestibules ; as the effect of this 
on the train resistance is comparatively small, any error 
introduced by the assumption cannot be great. The result 
for a flat-ended car, though greater than given by the formula 
of equation 1, is not necessarily inconsistent with it, as the 
eddying of the air at the sharp edges introduces an element 
not contemplated in the formula. 

University of Illinois Tests. — The University of Illinois 
have recently carried out a series of tests of tractive resistance 
on a typical American Interurban car having a weight of 25 
English tons (56,000 lbs.), an overall length of 45 feet, and an 
area of cross section, taken down to rail level, of about 90 sq. 
feet. The car was carried on a pair of 4- wheel bogie trucks, 
and was driven by a 4-motor equipment. The plan and cross 
section of its body are shown in fig. 155. The results of the 
tests, which contain evidence of care and skill, are shown in 
fig. 156. 

Author’s Method of Presentation of Results. — It is 

usual to express tractive resistance in pounds per ton, thereby 
implying that it is principally governed by the weight of the 
train. Since however this is not by any means the chief 
factor in the resistance, at any rate in the case of passenger 
trains running at high speeds, it is desirable, if intelligent 
estimates are to be made, to present the results in a form more 
in accordance with the physical facts. Some years ago the 
author suggested a method of treatment having this end in 
view ; * and on reconsideration of the whole subject in the 
light of more extended experience, and particularly in view of 
the confirmation furnished by the New York Central tests, is 
of the opinion that it merits reference, as being simple and 
derived directly from test, whilst giving results as reliable as 
the complex nature and our present imperfect knowledge of 
the subject permits. The underlying idea of the method is 

* Proceedings of Rugby Engineering Society, vol. 2, p, 59. 

X 


phkumixauy mkcmanics .-m 

tiijd tin* t tit ill tirtiji n-NiHinnc-t* at any mik-wI coiisiHlK of ilic hiuii 
uf tw.i jirincipat iuirtH, oiif (U-i»cn<Uiig on tlit- woiglit of tlie 
train ;uni tin* othiT on ifn j<izo anti Hlmpc ; and that the latter 
of thfo- iigiiiu ilividlde into two parts, out* deiiending princi- 
pally on the length of the train and the other on the eross 
it *11, 

liiK hri'Ki'T itr l4*:N:aTH of Ticaix. Itcnx^rt.ing to tho Now 
\iirk C rill ml iilrrady inout ioinnl, it luiiy lio Raid that the 
rrHiilt-H woro origiiialiy ptihliRhiHl in tlio UHiiaJ form, the train 
TrmHtmivv in IIih. [irr Ion being i)lott<ul againni speed for each 
Iriiiii eiiiployeii, Frrmi tlioMe tin* eurv(‘H of (igs. 148 and 149 
imxv tieeii df^dtii’eti. in whieh tin* total tnietiv(‘ n^Histanee is 
|ili»tfe'd iigane4 inniiber of ennelies for several eonsiant HpcHuis, 
a!! ttitiiiii file range itf the tvM^, A Higiiifieaiii h^aiure in both 
Ml ! ». 1 4 fliiii merv fiiiAi- nltiiiiately, and very soon, becomoH a 
straiglif line at it-i iipper end; that is to say, after the first 
few |■•«^aebe>^ eiery loblitional similar ecmeii adds the same 
aiiioiiiit let fb*^ train resi^tant*e at a given sp(‘(‘{l. d’his impor- 
tant re*^iilt ttiiM a.Hsiiiiied in the author’s fornuu' t-nuitment of 
file Hiibjeel . it i-^ jiiivsh'ally tihvious in tJie ease* of a train 
riiiiiiiiig III a tiiiinel ; but recpiired tiie proof furnisfied by these 
fur fritiiiH in tin* f#pen, If now vnvvnn be [dotted between 
sj«*ed mid mbiitioind resistanei* per additional (toaeh, an dc^ter- 
iiiiiini froiii file nlitpe tif tin* striiight portions of the (uirves of 
figs. I-I'H mill Min these, in both sets of tests, will Ik* found to 
tie »*eii**ilily ^riiight lineM ffig. laT). The aildiiional ri^sistanee 
ill fin* raw* of tfii* 'la»ton cauifdies of figs. MHiind Ibl is, in lbs., 
iitti 0-22 ^|if*ei| ill in.pJn. whilst that iti the 2(Mbton 

roiir}|i*s of Mil and 142 is H4 ■ * 4*28 ,.r speial in m.p.h. 

W'iiM not iintiripiited by the author, wlio would have 
r%|.iee!ril the iidilif loiutf resistance* to eontiiin tc*rmH dependent 
on iiigiiiU' j#irwi*n4 of the sjiei*ci. ddie ugreemcuit b(*tw(Hm the 
Im-o sets of Irsis in rstiiblishliig file result, is liowever sufli- 
rii»iit!y reiiiiirkable to render its geiic^ral truth probable^ at any 
riif r iiitliin I tie raiige of sjiecsl eonHiderf*d ; for it may b(*. noted 
tiiiit eveii lit llie liigliest sjie«*d iittairied there is no indication 
of fitly de%*iiifififi friifti ifie straight lim^ law. The? additional 
rmmimtw'p per lidded cauteh is partly due? to solid friction, and 
to the tveiglif, fliotigh dc^jiendent on the type of 
triirli iiM^i niift |iiirlly in iiir friction on the Hidc.‘H and pro- 
jMirtioiiiil id till* leiigf In though de|Kaident on the nature of the 
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outer surfaces. It is probably not strictly correct to identify 
the two factors respectively with the two terms determining 
the straight Hne, but in the absence of information it is con- 
venient to do so. It must not be supposed that the error 
introduced by this assumption produces a corresponding error 
in the estimation of train resistance, since the same assumption 



Fig. 167. — ^New York Central Tests. Additional Tractive Besistance per 

Additional Coach. 

is made in obtaining the data as in using them. Thus the 
error introduced from imperfect knowledge of the effect of 
weight is largely restored, as the effect of length, particularly 
if the weight per foot length is substantially the same in the 
train considered as in the test train from which the data was 
derived. 
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In the case of the coaches of fig. 151, the additional resistance 
may he witten : 2-22 lbs. per English ton + 0*0791 x (speed 
in m.p.h.) lbs. per foot length of coach, whilst that for the 
coaches of fig. 152 may be written: 3*18 lbs. per English 
ton -f- 0-0754 x (speed in m.p.h.) lbs. per foot length of 
coach. In this form the data obtained may be applied to 
other coaches of similar type without risk of great error. 
There is room for speculation concerning the causes of the 
differences in the constants, but with so limited a variety of 
circumstances such speculation could hardly lead to rehahle 
conclusions. 

Effect of Eitds of Train, — ^The effect of length of train 
on the tractive resistance having been thus determined, there 
remains the effect of the ends, in which is included the loco- 
motive friction, the head resistance, the rear suction, and all 
other special resistances distinguishing front and rear from 
intermediate coaches. In the present instance, actual tests 
were made of tractive resistance of the locomotive without the 
train, and the results are given in the upper curve of fig. 150. 
This curve, although of interest, is not of great value, since it 
is not a normal condition to run the locomotive without the 
train. Inspection of figs. 148 and 149, and particularly of the 
latter, shows that at low speeds the total tractive resistance of 
the locomotive with one coach is actually smaller than that of 
the locomotive alone ; the natural inference from this observa- 
tion is that at low speed the first effect of the train is to steady 
the locomotive, causing it to run more smoothly and thus 
diminishing its tractive resistance. As the speed rises the 
effect gets smaller, until at 60 m.p.h. it appears to be inappreci- 
able. This behaviour may be a characteristic of the type of 
locomotive used, a drawing of which is shown in fig. 5. If 
the straight portions of the curves of figs. 148 and 149 be 
extended, as shown in broken lines, to cut the axis of no 
coaches, the points of intersection with this axis determine an 
effective locomotive resistance, which is more useful than the 
actual locomotive resistance as found by test ; for this effective 
locomotive resistance, used in conjunction with the coach 
resistance of fig. 157, suffices to give the total tractive resistance 
of a train of any number of coaches. The effective locomotive 
resistance is shown, plotted against speed, in fig. 150. It will 
be seen that figs. 148 and 149 yield slightly different values for 
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this resistance, one being approximately a constant amount 
greater than the other throughout. This may possibly repre- 
sent an actual change in locomotive resistance, due to improve- 
ment in track and journals as the tests proceeded, or it may 
have its origin in the difference in the coaches behind the 
locomotive. The mean resistance is however probably near 
enough to the facts for practical purposes. The value of 
effective locomotive resistance at low speed, amounting to 
to 4 lbs. per ton, indicates that the amount chargeable to 
weight is greater for the locomotive than for the coaches, 
although the greater concentration of the weight in the loco- 
motive might have been expected to result in an opposite 
effect, just as the 45-ton coaches show a proportionally lower 
resistance than the 26*3 ton coaches. This may be due to 
depression of the roadbed by the locomotive, to which the 
coaches do not sensibly contribute. Such action may also 
partly account for the high tractive resistance at low speeds 
usually found in tests on single coaches. There is of course 
much room for further tests with different types or weights 
of locomotive and coach, but the method of treatment here 
described would seem to be a fruitful one. 

Bkitish Trains, — In applying these results to British 
conditions, an estimated allowance must be made for differ- 
ences in the rolling stock, which is of necessity smaller than is 
used on American railways, since the normal loading gauge is 
smaller. In the case of trains of bogie coaches such as were 
employed in Mr. Aspinall’s tests, some guidance may be 
obtained from the results found for 5-coach and 10-coach 
trains. The 5-coach train of weight 115-2 tons and length 
284*8 feet shows a resistance of 15 lbs. per ton or 1,728 lbs. 
total at 50 m.p.h. ; the 10-coach train of weight 218-7 tons 
and length 542*2 feet shows a tractive resistance of 13-2 lbs. 
per ton or 2,887 lbs. in all, at the same speed. Thus the 
addition of 5 coaches, of weight 103*5 tons and length 257*4 
feet, adds 1,159 lbs. to the train resistance. The cross section 
of the coaches is about 85 sq. feet against 115 sq. feet for the 
American coaches. The term in the tractive resistance 
depending on the length of the coach may be assumed as 
roughly proportional to its perimeter, or to the square root of 
its cross section ; and taking the effect of weight as the same 
in the case of English as in American coaches, the additional 
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tractive resistance for added coaches becomes approximately, 
for the English coaches : — 

3*2 lbs. per ton + (0*065 x speed m.p.h.) lbs. per foot length. 

Thus the additional tractive resistance corresponding to the 
addition of the five coaches becomes at 50 m.p.h. 

3*2 X 103*5 + 0*065 x 50 x 257*4 = 331 + 839 - 1,170 lbs. 



0 10 2 0 30 4-0 50 60 

SPEED, M.P. H. 

Fig. 158. — Head Resistance, Train Hauled by Locomotive. 

The close agreement between this figure and that deduced from 
Mr. Aspinairs tests may be an accident, but it is an encouraging 
one ; and in the absence of further experimental confirmation 
justifies the adoption of the above formula to give the 
additional tractive resistance for added coaches of normal 
English 4-wheel bogie stock. 
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Locomotivb Rbsistanob. The iraetivi^ dm* t«» 

the loconioiivc* must, in the absence of c4h<*r be 

estimated from the lower curve of fig. 130, the par! persisting 
at low speed being charged t-o the widghi and expressed in 
per ton, and the remainder dividend laiweeii tin* liaigth of the 
locomotive and cr<'>ss scaddon of the* train, dliin rite! hod wifidd 
give for the effeedave* resistanec* of a. British locaiinotive liboiit 
4 lbs. per ton !• (0d)05 ■■ sp^aal in m.p.h.| Ihs. per foot leiigtli 
■‘P the resistanee given hy fig. foH, a n*sult whieh ntiiy staiifl 
until direct tests have furnished a morr* suitahli* ffiriiiulii. 

Multiple Unit Trains. Tin* multiple unit train iria.v la* 

treated in exaediy the saiin* manner as the loefiiiiot iv<* driiwii 
train. The additional traetive resistanr'c per adtled r'fiiirli 



having been determined, this aimaiiii sliotild be rdiiirgcfi to 
eacli coach in the t-rain, nil that rmiiniris of the itieiii4iiit*cl 
traetive reHiHtanec* being then eliiirged t,o f»iid idfeef. Tlierr 
are at prescait no nviiilaljle riaa^rds suit able ff»r iiiiidyKis of tJiiM 
kind, hut it Beems reasonably nceiiriit.e ti> eciiii|ttit# tin* eriii 
effect by (1) inereiiHing t.he weight elff*c‘t of the fir^t ruitrli 
somewhat, and (2) using the* results of ilie 
(fig. 154) to give the elflect of the itir resist iinee, tht:* f.rtii»k 
portion of tlie c^ross miction being treiited as fint siirfiiei*. Unis 
th(5 25-ton coacli c»f fig, 155, which Iitm a totiil sectifiiMil 
area of a|)]?roximately 90 sq. fc*<-*t, of which #5 sij. fert i« 

in the vestibule, yields the comfuited cnirva* of fig. 1511, tJie 
weight effect having been taken at 5 lbs. }>cr ton (for Ainerleiiii 
interurban cars are for some reason liigh in weight ifffetJi n« 
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compared with railway coaches), the length effect at (-067 x 
speed) lbs. per foot length, and the air resistance from fig. 154 
by taking five-sixths of the cross section as standard end and 
one-sixth as flat end. Similarly fig. 160 gives computed 
tractive resistance of the Berlin-Zossen coach, the weight effect 
having been taken at 3 lbs. per ton, the length effect at (0-077 
X speed) lbs. per foot length and the air resistance effect from 
fig. 154, curves for flat ends and for five-sixths standard and 
one-sixth flat both being shown, in addition to that derived 
directly from test. The computed curves are in reasonable 
agreement with the test results, and where the effect of added 



Fig. 160. — Computed Curve of Tractive Resistance. 


coaches can be estimated with fair accuracy the total tractive 
resistance of a train can be computed without risk of great 
error. Until better data is available therefore the method 
indicated is acceptable and is much less likely to lead to serious 
error than the usual apphcations of results expressed in lbs. 
per ton, derived from tests on particular trains, but used 
without reference to the weight and conformation of the 
trains under consideration. 

Goods Trains. — ^The resistance of a goods train behind its 
locomotive appears to vary but little with the speed, par- 
ticularly when loaded. Fig. 161 gives the results of tests by 
Mr. A. C. Dennis and shows little change in resistance after 
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0 10 20 30 40 

SPEED. M P. M. 

Fig. 161. — Tractive Resistance of Goods Train. 

the initial fall, whilst the following table gives train resistance 
of loaded cars of various weights and is stated to be sub- 
stantially true between 5 and 30 m.p.h. 

TABLE 10 


Weight op Loaded Car. I 

i 

Train Resistance. 

English tons. 

American tons. 

Lbs. per 
English ton. 

Lbs. per 
American ton. 

17-8 

20 

8-80 

7-84 

22-3 

25 

7-42 

6-62 

26-8 

30 

6-48 

5-78 

35-6 

40 

5*21 

4-65 

44*6 

50 

4*42 

3-94 

53-5 

60 

3*85 

3-44 

62-5 

70 

3*43 

3-06 

64*3 

72 

3*36 

3*00 


It may be inferred then that the variation of tractive resist- 
ance with speed is not important within the usual limits of 
speed of goods trains, it being always understood however 
that the starting resistance is of the order of 20 lbs. per ton. 
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Resistance tests on English 4- wheel goods wagons were carried 
out in 1893 on the London and North-Western Railway between 
Rugby and Willesden. The train consisted of fifty-seven 
10-ton coal wagons and three brake vans, the average tare 
weight of each wagon being 5-4 tons and its load 7-44 tons, 
making the total train weight 772 tons. The mean speed was 
16-5 miles per hour and the mean train resistance found was 
6 lbs. per ton. Similar tests conducted on the New York, 
Ontario and Western Railway on a train of twenty -four 8-wheel 
bogie goods wagons, each weighing on the average 10*7 tons 
tare and carrying a load of 23*4 tons, gave a mean train resist- 
ance of 3*5 lbs. per ton at a mean speed of 19*0 miles per hour. 
These tests were taken behind a locomotive and dynamometer 
car, so that the resistance of the locomotive should be added 
in any use made of them for electric railway work. 

Tractive Resistance of an Electric Train when 
Coasting. — The tractive resistance discussed above does not 
include that due to friction in the motors and mechanical 
transmission gear between motors and wheels. This portion 
of the resistance is always, and properly, charged to the motors ; 
for it is clearly not a function of speed alone, but also of the 
I)ower that is being transmitted to the wheels. During the 
time that the train is taking power therefore the tractive 
resistance discussed above is appropriate, the other frictional 
elements being allowed for in the motor characteristic curves. 
When however the train is coasting the motors are being 
driven, and their frictional resistance then becomes an addition 
to the tractive resistance of the train. The amount of this 
additional resistance is easily determined by driving the motor 
light from the wheel axle or the equivalent shaft of the testing 
stand. Fig. 162 shows the amount of this resistance in the case 
of a 250 H.P. motor having 70/22 gear and 42-inch wheels. 
There are therefore two resistances which come into the 
discussion of an electric railway problem, the true tractive 
resistance which should be used while the motors are taking 
power, and a greater figure, which should be used when the 
train is coasting, and which is composed of the true resistance 
with an addition to provide for the friction of the driven motors. 
The difference between them is, however, practically negligible 
when axle-borne, gearless motors are used. 
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Determination of Tractive Resistance. — ^There are two 
methods by which tractive resistance of electric trains can be 
determined : one by measuring the input to the motors at any 
speed and taking the corresponding tractive effort from their 
characteristic curves, as obtained by shop tests ; and the other 
by allowing the train to coast, and determining the resistance 
from the rate of retardation. In the former method it is 
desirable to have the train under-motored for two reasons. In 
the first place, the tractive effort is the more definitely known 
the greater the load ; for at light load the gear and friction 



SPEED, M.P.H. 

Fig. 162. — Tractive Resistance due to 250 H.P. motor with train coasting. 

losses are proportionately great and very uncertain, varying 
considerably from motor to motor. In the second place, 
uniformity of speed is more quickly reached when the load is 
large ; for with motors as ordinarily geared a long distance 
must usually be traversed before the speed becomes sensibly 
uniform, and accuracy in the results requires that it shall not 
be necessary to make a large correction for acceleration, since 
this is difficult to measure with certainty. The best profile on 
which to make this type of test is a level stretch, as long as 
practicable, with a rising gradient at each end on which speed 
can be gained in either direction. The readings required are 
the volts and current for each motor, the speed, the rate of 
acceleration and the gradient, if any. Characteristic curves 



PRELIMINARY MECHANICS 


317 


should be taken on each motor, preferably with its own gears, 
at about the correct Yoltage, although, as the variation of 
tractive effort at a given current is small, and in fact usually 
negligible, exactness in respect of the voltage is not of primary 
importance. The motor speed should be taken as a check on 
the observed train speed, the characteristic curves being plotted 
for the correct gear reduction and size of wheel. The total 
tractive effort so obtained, diminished by that required to 
produce the acceleration and by that required to overcome 
gradient, is the tractive resistance of the train under the 
conditions of the test. 

The commoner method of determining tractive resistance is 
however that of bringing the train to speed and then allowing 
it to coast without power, measuring the rate of fall of speed 
in order to determine the resistance to the motion. If v is the 
velocity of the train and M its total mass, the kinetic energy 
of translation is \ If r is the radius of a wheel, its 

angular velocity is 'v/r\ and if I is the moment of inertia of a 
pair of wheels and axle, the kinetic energy of their rotation is 

( V \ ^ 

— j , whilst if a gear of moment of inertia i is carried on 
the axle its kinetic energy of rotation is . If 7 is the 


ratio of gear reduction and I' the moment of inertia of an 
armature about its shaft, the kinetic energy of rotation of the 


armature is ^ 



Hence the total kinetic energy of 


the train may he written : 



the summations being taken over all wheels, driving and 
traihng, all gears, and all armatures. The quantity within 
brackets is known as the effective mass of the train. Calling 
this M', equation 2 may be written: 

T = I Wv^ . . . . (3) 

The decrease of kinetic energy per unit distance coasted is the 
value of the total opposing force ; this is therefore M'a where a 
is the rate of retardation. Accordingly, if M' is determined for 
the train, and a is. measured at any particular speed, the total 
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reBistaiice to motion can be obtained. In <a*dc*r to dcdenniiit? 
tractive renistance, correction must he made* for any gradient 
(and this correction is proportional to M, not to M'b and itlso 
for the frictional resistance due to the motors, which must hi* 
determined by separate test on tiu* rnotcu’s as (explained 
Instruments for measuring acceleration or d(*turdati<m directly, 
necessarily include the effect, of graditmt with tin* acn*lf»riit ion. 
If the gradient is 1 in l//b (I b(ung positive when opposiug thr 
train, the total frictional rc*siHtanee motion is : 

F M'a - Al/7 

M'(a //) 1 (M' M)// . . (4) 

When the instrunuuit is so adjusleal as to n»iid ztu’o uitli llu’ 
(joach standing on l(‘V(‘l track, its indicaition is : t) u /I. 
if () is read as the efTecliv(‘ gradiimt, the inasst^s Inang i‘xpressr*d 
in English tons, th(‘. total tractive* r(*sistance, including tlial 
duo to gradient and that reejuired to drive* the inoforH fnuii thf* 
wheel axles, is, in lbs. : 

F 2,2401 M A i (M' M}l!\ , , (a) 

If however the instrument reads ae(*(*leratifUi elirectly, in iniles 
per hour per second, the formula for the tract ive rcHiHtiiiice 
becomcB : 

F 102 MA ; 2,24(KM' M)/I . . |0) 

Thk Mkan Tkactiv k IvKsistanc k, In rough ndculatioiis f»f 
energy consumpt ion, it is oftc*n desirahle to fiain an apjiroKifiiale 
(estimate of tlu^ mean traedive* r(‘.sistan«’e of a train in order tri 
avoid the labour of d(‘tail(*el ealeulation fnun ii friiiii resist 
ance curve. In this (!onnc*etion the following Iheoreiii is 
of importances : 

The mean traedive irsistanc-e* of a train is grf*a!i*r tliitii I lie 
tractive resHistanee* at the me‘an running Hj>eeai. ‘ 

Proof: last fig. 103 l)etli(* tractive re^Histnnee* curve, let I* he 
the point corressponding to the* meuin Hpfaal mid hd F lie tlie 
resistance at P. Draw^ a tange^nt to the* cmrve af. P itnd h*i « 
bo its slope, or the* tange*nt of the* angle* that it iiiiikes ivitli tlie 
horizontal, and / the* amount by which the ordiiiiite of llit* 
curve at any point Q (*xe*<*edH the* corri*sponiliiig orditiiitt* of 
the tangent. Then n in positive* m long m tin* nieiiii sfUMul 
exceeds the low value at wdik-h the? tangc*nt elriiwii is liorr/aiiitiil, 
and /is positive at all pointa, since the? curve in convex kiwiirclM 
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r 


the positive axes. Then if the speed at Q is V + v the train 
resistance at this point is E -|- a «; +/. The work done 



Fig. 163. — ^Tractive Resistance. 


against train resistance in the total time T to which the mean 
speed V applies is : 

E'VT= (F +av +f) (V +v)dt 

^ o 

T T T T 

=FVT-|-F [ vdt-\rcN [ vdt+a j* vHt+ { f{Y+v)dt 
\ ^ 0 ^ o ^ o 

the several integrals being taken through the range determined 
by the speed-time curve of the train for the interval of time T. 
As V is the deviation from the mean speed : 

vdt = 0 
o 

The mean train resistance is therefore : 

T T 

F =F+^j /(V+z;W« . (7) 

The quantities a, /, and Y +v are all positive at all times ; 
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thus the mean train resistance exceeds the train resistance at 
mean speed by the positive amount : 

T T 

F-r=^j + f{V +v)dt . (8) 

The hmitation imposed on V to make a positive is of no 
practical conseq[uence, so that the theorem may be taken as 
estabhshed for all cases for which it is likely to be required. 
The practical effect of the theorem is that if the mean speed, 
excluding stops, is say 30 m.p.h., the mean train resistance 
should be estimated to correspond to 35 or 40 m.p.h. according 
to the extent of the variation of speed from the mean. Similar 
considerations would show that the average addition to trac- 
tive resistance due to wind is, for trains in both directions, 
positive. 

Effect of Curves. — The additional resistance due to curves 
is, for most railways, so occasional in its incidence that its 
exact estimation is not a matter of importance. This is 
fortunate, as it is doubtful whether a reliable experimental 
determination is available, or indeed practicable unless a 
circular truck were especially laid for the experiment. If r 
is the radius of the curve, in traversing a distance I the train 
turns through angle l/r ; if 6 is the gauge of the track, the 
outside wheels go bl/r farther than the others ; if is the 
weight of the train, supposed equally distributed between 
inside and outside wheels, /u the co-efficient of friction and F 
the tractive resistance due to the curve, in lbs. per ton, the 
work done is : 

wM = 2,240 iJ.~ — 

2 r 

or E = 1,120 /^b/r . . . (9) 

This portion of the curve resistance accordingly varies in- 
versely as the radius ; and this is the form in which the formula 
is usually presented. The actual values however do not 
agree with equation 10, for the constant 1,120 can hardly be 
greater than 1,500, whereas it is usually taken as about 6,000. 
Part of this discrepancy is perhaps due to flange friction, part 
to increased bearing friction and part to energy expended in 
giving angular velocity to the train and afterwards destroying 
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it. However, the subject is one on which further investigation 
is necessary before final conclusions can be expressed with 
propriety. 

Energy -Output of Motors. — ^For every pound per ton 
tractive resistance the work done by the train motors per ton 
mile is 5,280 foot-lbs. or 

= 2 watt-hours approximately. 

33,000 X 60 

It has been shown above (see equation 3) that the 
kinetic energy of the train when running with velocity v is : 

T = I Wv\ 

If V is in miles per hour and the kinetic energy is expressed 
in watt-hours per ton actual weight : 

^ 1 2,240 /5,280\2 746 M' , 

“ ^ '^2” ^ ( 3 ^) ^ 33,000 X 60 M 

= 0-0283 (10) 

M ' 

The ratio M'/M usually varies between 1-08 and 1*12. If n 
is the number of stops per mile and v the speed at which brakes 
are applied, the whole output of the motors on straight and 
level track, reckoned in watt-hours per ton -mile, is practically : 

M' 

W =2 X mean train resistance (lbs. per ton) +-0283 — v^n (11) 

Energy -Input. — In most actual cases, a number of the 
quantities involved in equation 1 1 will be mere estimates, and 
no very great accuracy is to be expected from the calculation. 
The equation is however useful, as showing in a general way 
how the energy is expended ; and, used judiciously, is a 
valuable means for obtaining a rough approximation to the 
energy consumption. Eor the latter purpose, a suitable figure 
for the mean efficiency of the equipment is required. The true 
efficiency cannot be measured, as there are no means of deter- 
mining the true output of the motors in service. It can 
however be computed from the results of stand tests, as will 
be shown in the next chapter. Eor suburban service and 
continuous current motors, its true value is usually of the 
order of 80 per cent. However, it is generally more convenient 
to use a false efficiency in this connection, in order to make 
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allowance for certain circumHtances and contiriM<‘*^^’i^*'^ 
avoidable in service, of which it would het tedifars to litkc^ 
direct account. The ap{)ropnate figure dei)c*rH.lH on the iitirpime 
for which the calculation is requir(*d ; hni in geriend a rough 
method such, as this would only be used to obtain an iipproxi” 
mate idea of the energy consum])tion in H(*rvi<’t\ Tin* inirvii 
ture of t!i(‘. tra(;k increases the traedive* rc^Histanci* iibin'e tliat 
appropriate? to straight and leaved trat'k, and the wind hits it 
like clfect : the gradients also often inen^asc* tin* energy ei.iin 
sumption somewhat. Th(^se facd ors may convenient !y be fiiketi 
into account in the efficiency. Tin* loading of the triiiii is 
often conjectural, and the tonnage* is convianently taken ns 
that of unloaded trains, although capiiition 11 iniplieitly 
assum(?s the actual load. nnseh(*dui(‘<i Ht(^pH and signiil Hlneks 
r(?quiro furth(‘r energy, and this is again inen*iiH<‘fl when the 
conseqiuuit loss of time* has to he* made* up. It is eonvi-iiient 
for purpos(*H of rapid cak'nlatiem to assumi* figures in eejuiition 
11 to correspond with scheduh* runs on straight or level track, 
aiul to assunH* a false? ctrHde*ney, of the orelt*r of 7U jier eauif,, 
in ordc‘r to ulleiw for una(*(*ounte*d energy eaaisuni|ttiiiii. It 
will he? realized, heiwe^ver, that fnan tin* nntttre of llie nm* no 
figure appropriate to all <?ireumstHnees can hi* giveui for tlii^ 
false cfficierK-y ; since* it elcpeiids on the* nature of the triiflif' 
and on many loe*nl cir(*uinHtancc*s whkdi alleai the iniiniier of 
running. 

Tlie foregeung medhoel is ahk* te» furnish a 'very gone! iijiproxi^" 
matiem to the? r*ncrgy consumptieai if a repre*M*iitiiti%a* s'jieeel- 
time e’urve* for the sf*rvice* can he ohlained, eillierwise it is 
difliciilt' to feirni an e>4iinaf<* ed the* sja*eti at. whir'll briikes an* 
a>pplk*d in tlie* reprf*sent alive* ruin and f*rror in thif^ rjiiaiilify 
will afleH'i tlie* re*sults e*onsi«fe*rahly \vlie*ti stops are frrijinail. 
,Me*HKrH. I.)c‘l Ma.r & Weiodhury ^ have* diM'iissed the juobleiii 
on liners somewhat similar to tin* above, lint liiive given greater 
|.»r(*ctisic.m to the* ('iilculatiem where no s|»eed-tiffif' curve is 
available by trnnsfe»rring disputaiile quaiititk’s front tin* rniliii 
of estinuite to that of avenig(? eKpf.uaence, In tliidr disfUissiiiii 
of the subject the ouijiut of the motors i,H estiiiiiitf^d for the 
time tliat they are.* taking penver only, whic*h sliotild of I’oiirse 
l.ie the sauic* in totcJ as above, but %vitli a dillercuit distribiitiofi 
betwa*e*n work ekatc anei kinedic energy. 1'kvo enlist aid ^ are 
* Metiric litsilitmi/ voL 42, |e iCIfffi. 
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introduced taken from average experience ; one, Q, is the 
ratio of the distance between stops to the distance travelled 
with power on, and the other, K, is the ratio of the maximum 
speed (at which power is cut off) to the mean speed whilst 
running. Equation 11 for the output then becomes : 

2 M' 

W = — mean tractive resistance (lbs. per ton) +*0283K^ — 

Q ^ ^ M 

. . . ( 12 ) 

and the energy consumption is deduced by dividing W by the 
appropriate efficiency figure. The velocity v which must be 
used in computing W is now the mean running speed of the 
train, a quantity which is of course known. Fig. 164 shows 



the cmves for K and Q, as given by Messrs. Del Mar & Wood- 
bury. It may be mentioned that a quantity of the nature of 
Q representing the ratio of the distance between stops to the 
distance excluding braking is required by the reasoning in 
equation 11, but as this quantity differs little from unity its 
effect is inappreciable compared with the error introduced by 
uncertainty in the data employed. 

Heatixg of Motors. — The losses that contribute to the 
heating of the motors amount in suburban service to some 
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7 per cent, of the total input to the driving equipment when 
continuous current motors are employed, and to 15 to 18 per 
cent, with single-phase commutator motors. With such 
motors as can be carried on the axles of motor coaches, the 
amount of heat that can be dissipated with an internal tem- 
perature rise in the neighbourhood of 65° C. is, for completely 
enclosed motors, from 2,000 to 3,000 watts, according to the 
size of the motor and the schedule speed of the train, whilst 
double this amount may be dissipated from ventilated motors 
with the same temperature rise. Thus a rough estimate of 
the heating of the motors in continuous service may be made 
to correspond with the estimated energy consumption. 

The Principle of Equivalence. — Where nothing is known 
about a service other than the schedule speed and frequency 
of stops, the above methods are capable of giving as reliable 
results as are to be obtained ; and the method is valuable also 
in furnishing a means of comparison between different schedules 
as regards energy consumption ; at the same time emphasizing 
the fact that the energy consumption is chiefly a question of 
schedule, and only to a small extent a matter of equipment, 
assuming this adequate. Too much insistence cannot be laid 
upon the fact that it is not possible to make comparison 
between the efficiencies of different equipments merely by 
comparison of their energy consumption in radically different 
services ; much more than the schedule of the service must be 
known before a fair judgment can be made between the 
respective merits of the equipments. Where complete infor- 
mation is available of the schedule, the equipment and the 
circumstances of the service and route, the energy consumption 
can be computed with considerable accuracy and general 
methods for effecting this will be discussed in the next chapter ; 
but there frequently arise cases in which the available data 
consist of the general schedule of the service, the approximate 
weight of the train, and dynamical characteristic curves of the 
motor ; and in which there is desired a good representative 
figure for the energy consumption, taking account of the chief 
elements of data. This information can be obtained without 
the labour of individual calculation, by means of general 
curves which are computed without great difficulty to suit any 
particular type of motor, e.g. the continuous current series 
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motor. The underlying principle which makes this treatment 
of practical value is a certain principle of equivalence according 
to which all speed-time curves having the same shape can be 
treated together and represented by a single point on the 
curves of energy consumption. 



0 10 20 30 40 SO 60 70 80 90 '00 110 120 130 

TtMC, SeCONOS. 

Fig. 165. — Schedule Run, illustrating principle of equivalence. 


In order to demonstrate the principle of equivalence referred 
to, consider the two-speed time curves of figs. 165 and 166 ; 
these are similar in shape, every linear dimension in fig. 165 



TIME, SECONDS 

Fig. 166. — Schedule Run, illustrating principle of equivalence. 

being increased in a certain proportion (x) to give fig. 166. 
If t is any time and s any speed in the first figure and t' s' the 
corresponding quantities in the second ; 

t' = xt. s' = xs. 
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If d is the distance run in the first figure, which is of course 
represented by its area, and n the number of stops per mile, 
d' and n' being the corresponding quantities in the second : 

d' = xH and n'd' nd = I mile. 

Hence : 



and 

tV n = 
s^n ■= sWn' 

Thus, if instead of using time as abscissa and speed as ordinate 
in figs. 165 and 166, the abscissa be taken as 

time X V (stops per mile) 
and the ordinate as 

speed X V (stops per mile), 

the two curves reduce to one. 

Energy Consumption. — Consider any point P in fig. 165 
and the corresponding point, P, in fig. 166. The slope of the 
curves is the same at these corresponding points, and therefore 
the rate of acceleration is the same, and also the accelerating 
tractive effort per ton. Since the train resistance is assumed 
the same, the total tractive effort is, to the assumed degree of 
approximation, the same at corresponding points. The power 
per ton at corresponding points, varying as tractive effort and 
speed, is therefore in the ratio 1 to cr in the two curves, whilst 
the increment of energy between corresponding points PQ and 
P'Q', varying as the power and as the increment of time, has 
the ratio I to This however is the ratio of the total dis- 
tances represented, and thus, dividing by distance, the energy 
consumption per ton mile is the same in the runs represented 
by the two curves, since the efficiency is assumed the same at 
corresponding points. Thus all speed-time curves of definite 
shape consume the same energy per ton mile, to the degree of 
approximation determined by the accuracy of the assumptions 
involved. 

In this, as in any such general treatment of the subject, a 
number of quantities are assumed at representative average 
values, and to the extent that these values differ from the 
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appropriate ones for the problem under consideration the 
method is imperfect, although correction can usually be ^ 

j applied to the results to allow for any known deviation. In i 

1 the following example of the method, which is intended to 

apply particularly to continuous current motors in suburban 
i service, the shape of the characteristic curves is that given in 

I fig. 44. By this is implied, not necessarily that the motor 

I to which these curves apply is used, but that it is possible to 

I choose scales of ordinate and abscissa which would make the 

curves coincide with those of this figure. This is substantially 
justified for any normal motor of the kind that would be 
employed for the service in question. The tractive resistance 
of the train is taken at 14 lbs. per English ton throughout, and 
the coasting resistance at 20 per cent, higher figure, viz. 16*8 
lbs. per English ton ; the rate of braking is taken at 1*5 m.p.h. ' 

I per second ; the effective weight of the train is taken as 

I 10 per cent, in excess of the actual weight. The data supplied 

for a problem are usually the following : (1) The distance 
between stops, or the number of stops per mile ; (2) the time 
from start to stop, or the mean running speed ; (3) the weight 
of the train per motor. The usual problem is to find a suitable 
motor ; but in some cases the motor may be specified and the I 

I appropriate schedule sought. The shape of any speed-time 

curve according with the assumptions, depends upon three 
I factors, which may be taken as : (1) the tractive effort during 

acceleration on rheostat ; (2) the speed at which the speed | 

curve is reached ; (3) the proportion of the total time that ^ 

power is on. Only a certain range of shapes however repre- 
^ sent a given schedule, viz. those which, when plotted to ^ 

represent a run of the correct distance, make the run also in 
the correct time. These may be considered to be distinguished 
one from another by the margin whereby the time of run- ; 

ning the distance exceeds the minimum possible time, that is, 
the time of running it when power is kept on until brakes are ; 

applied. 

Energy Consumption Horse-power and Tractive Effort. 

— ^If an equipment is capable of making a certain schedule, the 
consequent energy consumption will be found, except in 
extreme cases, to vary but little with the margin of time in 
hand. It is therefore possible to give the energy consumption ^ 
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in the form of a single set of curves (fig. 167), without greater 
error than is introduced by the unavoidable defects of the 
method. Assuming the mean running speed given, the 
variable parameter determining the energy consumption is 
taken as the tractive effort during acceleration on rheostat. 
It is here assumed, however, that the equipment is capable of 
performing the service with sufficient margin ; whether this 
is the case or not can be determined from the curves of figs. 


TRACTIVE EFFORT 
LB. PER TON 



20 2 1 22 23 24 25 26 27 28 29 30 3l 32 


MEAN RUNNING SPEED X //STOPS PER MILE 

Fig. 167. — Energy Consumption, General Curves. 

168, 169 and 170, which give the speed of reaching the speed 
curve for margins of 5 per cent., 7|per cent, and 10 per cent, 
respectively. The curves are given with both tractive effort 
during acceleration, and with horse-power on reaching the 
speed curve as variable parameters ; so that a solution may be 
found with the data given in various forms. In many cases 
the accelerating horse-power here considered is not very 
different from the rated horse-power of the motors ; accordingly, 
if the motor rating is given, the problem corresponding to any 
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margin can be solved approximately. It will be seen from the 
curves that when the accelerating power of the motors is given, 
no very wide range of mean running speed is practicable with 
change of gears, within the practicable limits of variation. 

Use of Curves. — The use of the curves presents no diffi- 
culty, but a typical example may nevertheless be useful. Let 
the average distance between stations be 3,000 feet, and let it 



12 14 - 16 18 20 22 24 - 26 28 30 32 3 4 - 

SPEED or REACHING SPEED CURVE X VSTO PS PER MILE 


Fig. 168. — Capacity of Motor, 5% Margin, General Curves. 

be required to run at a schedule speed of 18 m.p.h., including 
stops of 20 seconds at all stations ; let the weight of the train 
be 20 tons per motor. The number of stops per mile is 
5,280/3,000 or 1*76. The time of running 3,000 feet, including 
the stop, is : 3,000 x 3,600/18 x 5,280 or 113*6 seconds ; and 
excluding the stop, 93*6 seconds. The mean running speed is 
therefore 3,000 x 3,600/93*6 x 5,280, or 21*9 m.p.h., which 
multiplied by Vl*76 gives 29 m.p.h. With 7| per cent, 
margin, the accelerating horse-power per ton x y" 1*7 6 is from 
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11-5 to 12. Thus the actual accelerating horse-power per 
motor is 175 to 180. With the motor of greater power, the 
accelerating tractive ejEEort approximates to 200 lbs. per ton, 
and the energy consumption on schedule run to 77 watt-hours 
per ton-mile ; with the motor of less power, the accelerating 
tractive effort is about 150 lbs. per ton, and the energy con- 
sumption about 85 watt-hours per ton-mile. The choice of 



12 14 16 18 20 22 24 26 28 30 52 34 

SPEED OF REACHING SPEED CURVE X ESTOPS PER MILE 


Fig. 169. — Capacity of Motor, 7J% Margin, General Curves. 


motor and appropriate gear is not made from consideration of 
energy consumption alone ; for as regards the gear, there is a 
mechanical lower limit to the number of pinion teeth ; and in 
any case the weight on driving wheels limits the permissible 
tractive effort. In the present instance, a tractive effort of 
200 lbs. per ton, in a multiple-unit train, would require a weight 
of about 12 tons per driving axle, which should be reckoned 
without load ; and this is somewhat excessive for British 
coaching stock. 
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Such a set of curves as the above is capable of giving much 
valuable information concerning the general performance of 
electric trains. For instance, consider a train accelerating at 
120 lbs. per ton to a speed of 24 m.p.h. A run of one mile is 
made by the train at a mean speed of 25-8 m.p.h., with 7| per 
cent, margin (fig. 169) and with energy consumption 70 watt- 
hours per ton (fig. 167). A run of two miles accelerating to 
equivalent speed (24/V2 or) 16-95 m.h.p. is made at a mean 



12 14- 16 la 20 22 24 26 26 30 32 

SPEED OF REACHING SPEED CURVE X ySTOPS PER MILE 

Fig. 170. — Capacity of Motor, 10% Margin, General Curves. 


equivalent speed of 22-6 m.p.h. or an actual mean speed of 
32-0 m.p.h., with energy consumption 55 watt-hours per ton- 
mile. If now a distance of three miles is made in two runs, one 
of one mile and the other of two miles, the time for the one- 
mile section is 139-5 seconds, and the energy consumption per 
ton 70 watt-hours, and for the two-mile section the time is 
225 seconds, and the energy per ton 110 watt-hours. Thus 
the total running time for the three miles is 364 seconds, and 
the energy consumption 180 watt-hours per ton. The mean 
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running speed for the three miles is therefore 29-6 m.p.h., whilst 
the energy consumed amounts to 60 watt-hours per ton-mile. 
Referring again to figs. 169 and 167, in order to determine the 
running of the train on one and a half mile sections, the acclera- 
tion is now taken to equivalent speed (24V2/'\/3 or) 19-6 
m.p.h., which yields a mean equivalent running speed of 24 
m.p.h. or an actual mean speed of 29-4 m.p.h., with energy 
consumption 60*5 watt-hours per ton-mile. Thus the figures 
for mean speed and energy consumption per ton-mile deduced 
from the two sections of one mile and two miles are substantially 
in agreement with those for the mean section of one and a half 
miles. This is a j)articular case of a very important practical 
principle, to which reference has already been made, viz. that 
if a distance is covered by an electric train in a number of runs 
of different lengths, the average speed and energy consumption 
per mile are substantially those pertaining to a run of the mean 
length made with the same train. 

The curves given furnish good average results for suburban 
service with continuous current motors, and similar curves 
could readily be constructed for other service or type of motor. 
The results taken from the curves may be corrected approxi- 
mately if the conditions do not exactly agree with the assumed 
data. Thus if the mean train resistance be estimated at other 
than the figure given the difference in energy consumption 
may be allowed for at the rate of about 2*7 watt-hours per 
ton-mile for each pound per ton difference in train resistance. 
Again, if the motor efficiency differs largely from that given in 
fig. 44, a corresponding change can be made in the energy 
consumption. The curves give results which correspond with 
runs made strictly in schedule time by a trained driver on 
straight and level track, and some allowance should be made 
for the exigencies of actual service, the” delays, the inefficiency 
of the driving, the gradients, etc. This may add to the energy 
consumption anything from 5 per cent, to 15 per cent., 
according to the nature of the line and the traffic conditions. 
The curves as they are given are suitable for comparative 
purposes, but appropriate allowance should be made where 
they are to be used to estimate the energy consumed in actual 
service. 

The equivalence of similar speed-time curves with regard to 
energy consumption per ton-mile seems to have been first 
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noticed by the late Mr. E. H. Anderson, who as long ago as 
1901 constructed certain curves involving this principle from 
which the energy consumption and heating of tramway motors 
for any schedule could be deduced approximately. Mr. 
Anderson’s curves were computed for a distance of 1,000 feet ; 
and times and speeds were reduced to correspond with this 
distance, by dividing the actual times and speeds by the square 
root of the distance in thousands of feet. Instead of the 
margin of time in hand, the time coasted, as a percentage of the 
running time, was chosen to distinguish the manner of running. 
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In the preceding cdiaptcn*, the fnetorH mhic^h Hie 

dynamical perfonnaiKu^ of train wi*n* c!iH«ne-*Hed ttigelher 
with methods for making approximate eHtinui1t*s of energy 
conBinnption and motor heating. It is the purpo>^e of tin* 
])rcscnt chapter to dev(‘lop more* exact nietlioilH for <li*ieriiiliiiiig 
the performance of a given train, driven by a inciior erjiiipiiieiii 
whose characteristics are known, and for aHC'ertaiiiiiig whether 
the equipment is suitable for a speeilical sc*rvicf% both fniiii the 
dynamical and thermal points of viinv. Hiese eiiletiliitiruis 
are apt to be at onect the (toinmonest and numi importiiiit tliiii 
the engineer who has oceasion to deiil with flit* ftiiidiiiiumtfil 
problems of the subjecd is called upon to niiiki*. They eoiistb 
tute the chief means by which the* most suit able ecjiiijiiiieiil for 
a ]>articular service is dc‘termiiu*d. and eiiuble tin* jiomw 
requirement of the service* tc» be eHtimiifed, Unis they |irovicie 
the materials on which a discuHsifUi of flu* meed «itii<*fiiet.iiry 
and economi(*al manm*r for weerking the traflie mm la* foiiiiilerl, 

Point-to-Point Method, The* first metlned to In* dif^^ 
(jussed is the [)oint-t.o»poini iiiethocb*--ji simple itiid sirittglil'- 
forward application of edeunmiliiry iiMadiaiikiil 
involving little of the* e*lc*mf*nt of C’Sliniiititiir iiritl thiis jiro* 
viding little opportunity for the* exercise of bins, ft ii|i}i!ief% 
(‘(jually well to any system of oja^riilion, mid in enpiitilr of 
taking account of all esHeiitial feiiiiires of it jirnlileiie The 
|)oint-tO“point medhod can be- employed for jiriirtieitily any 
problem of train movement, but it is piirlieiiliirly ii|i}ilii*#tlile 
to the discuHsion of the average* schecliile of fi itiid to 

the comparison of equipments on tin* liiisis of iivitriigf* 

The present subjeei differs from niOHt- in tliiii ii eriiiijiiirkiiti 
of perforinanceH requires greakn* aetniriiey in ciileiilfilloii itiiiri 
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does an absolute determination, for the latter is affected by 
uncertainty arising from causes which may be considered to 
influence both elements of a comparison to an eq[ual extent. 
Thus great accuracy is wasted in a mere determination of 
performance, but is necessary if a true comparison between 
performances is to be made. If, for instance, a run of a mile 
were under discussion and a first approximation were found 
to represent a distance exceeding the mile by 50 feet, practically 
no greater certainty as to the actual performance would accrue 
from closer investigation, but a comparison affected by an 
excess of 50 feet in one element might lead to quite an erroneous 
conclusion as to the merits of the things compared. Refine- 
ments of calculation are accordingly justified in a comparison, 
which are quite unnecessary in the estimation of actual per- 
formance. On the other hand, the fundamental data need not 
be determined with such nicety, for as long as they approximate 
to the facts a comparison will not usually be sensibly affected 
by their inaccuracy. 

The usual problem that it is the object of the calculation to 
solve is that of finding the most economical compromise among 
the varieties of train and equipment that can be used to meet 
certain conditions. This is far too complex a problem to 
permit of solution by any direct method, and the final deter- 
mination has necessarily to be made by some method of trial. 
Whatever be the ultimate object of the calculation therefore, 
the immediate problem is that of determining what a given 
train, driven by an electrical equipment whose characteristics 
are completely known, is capable of ; whether for instance it 
is able to run to a given schedule, and if so to determine the 
characteristics of the running, the speed, the margin of time 
in hand, the energy consumption, and the temperature of the 
motors ; or what schedule it is expedient to impose on the 
train, allowing a suitable margin of time in hand to provide 
against contingencies not taken into account in the calculation. 

The characteristic feature of the point-to-point method of 
solution is the adoption of speed as independent variable, and 
the calculation of increments of time, distance, energy con- 
sumption and motor loss to correspond with given increments 
of speed. The smaller the increments of speed are taken the 
more accurate will be the computed values and curves, but 
for practical purposes half-a-dozen increments between rest 
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and free-running speed will usually be found sufficient. If the 
calculation is made systematically, it nowhere presents diffi- 
culty or unusual chance of error. In fact, although mistakes 
are very undesirable in any calculation, a method of computa- 
tion by increments is less likely than most to yield results 
grossly in error, for an arithmetical mistake usually affects a few 
increments only and does not of necessity affect the resulting 
sum greatly. 

Data concerning Train and Service. — The following data 
concerning the train and its equipment are required in order 
that the general performance may be determined : (1) the 
weight of the train, including load and equipment ; (2) its 
effective weight whilst accelerating ; (3) the weight on driving 
wheels, with and without load ; (4) such information concern- 
ing its size, nature and general composition as will enable the 
train resistance to be estimated for all running speeds ; (5) the 
normal braking force or the average rate of braking retarda- 
tion ; (6) the average line voltage ; (7) the number of motors ; 
(8) the speed of the train for any motor current and running 
condition ; (9) the corresponding motor speed, or the gear 
reduction and size of wheels ; (10) the corresponding tractive 
effort as measured at the tread of the driving wheels ; (11) the 
negative tractive effort due to the friction of motors and gears 
when the train is coasting ; (12) the method of control ; (13) 
the resistance of the several motor windings, the core losses, 
the load losses, the friction losses, and such other information 
as will enable the total loss in each motor under any running 
condition to be determined ; (14) the thermal dissipation 

curves of the motor. The data necessary concerning the 
service when a general investigation of average performance 
is desired are : (1) the total distance to be run on schedule ; 
(2) the total time allowed if the train has to run to a specified 
schedule, or (3) the margin of time required in hand if the 
schedule has to be made to suit the train ; (4) the number of 
intermediate stops ; (5) the time of each stop ; (6) the layover 
not included in the schedule ; (7) the general nature of the 
route with regard to curves, gradients, etc. If a full investiga- 
tion of the manner of running is desired, a complete profile and 
map of the route becomes necessary, but the point-to-point 
method, although quite able to deal with the problem, becomes 
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unduly tedious in tMs case, and the analytical method discussed 
hereafter is preferable. 

Effective Mass of the Train. — ^The tractive effort of a 
motor is reckoned as measured at the rims of the driving wheels 
when the motor is running at constant speed. The counter- 
torque due to friction in the motor, gears and axle hearings is 
accordingly taken from the armature-torque in obtaining the 
characteristic curves, and does not enter into the calculation 
of train motion. When the speed is varying, however, part 
of the motor-torque is used in accelerating the armature, and 
as this does not pass through the gears, there is a slight change 
in efficiency, which although quite negligible may be men- 
tioned for the sake of logical completeness. The effect of 
rotating masses of armatures, wheels and gears was discussed 
in the last chapter from the energy point of view, and it was 
there shown that the force required to accelerate the train was 
proportional to its effective mass M', instead of the actual mass 
M, where using the notation of the last chapter : 

I i Tv^ 

w + . . ( 1 ) 

£l U it 


The effective mass of the train is a quantity which occurs 
whenever the subject of accelerating the train is in question, 
and some discussion of it may weU be given here. The excess 
of the effective mass over the actual mass of the train is : 



the summations extending over all wheels, gears and arma- 
tures in the train. The value of a moment of inertia can 
readily be obtained experimentally by suspending the part by 
means of a suitable bifilar suspension and noting the time of 
oscillation. In the case of the wheels it can be computed from 
the drawings without great difficulty. Where details are 
lacking, however, the following approximations may be useful. 

Useful Approximations. — ^The radius of gyration of a 
steel railway wheel is generally about 0*77 of the radius of the 
wheel, so that approximately : 


1 . = ^" 


0*6m 


( 2 ) 
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In the ease of a multiple unit train th(>. order of t his rjuantity 
is uHually about a quarter of a ton for each wheel, or a ton per 
4-whe.eled bogie truck. The radiuH uf gyration of a et.mnni- 
tating I’ailway motor armature’ is usually aliout th > of tlie 
radius of the armature, so that approximately : 


(hr>my(''jy . . . ( 3 ) 

d and d' being tlu; diaiiH’ters of driving wheel and armiiture 
r(‘sp(K'.tively. Thus if : 

I II 

V// 2,430 lbs., d' 20 in., d 42 in., •/ 


^ 2,H(Ki IUh. ii|tjiiTisiiiiiit«’iy. 

r- 

The gc‘ars lire of nmaller eeiiHCHjUi^iiee, iiddiiig a lentil 

of a ton eael'i to t.he (‘fT(*etiv(» of the triiiiL 

The point-to-point inetluKl in iiionI eft^ily l»y tin* 

diHCUHHicin of an c^xainple. C’oiHifli*r tlirrefore « iiiiil!i|i!f* iiiiif, 
train of four eoac’lien, weigliing eontpliie \iifli h^afl aiel 
inent IBS Engli.Hli tonn, having ii linigtii f»f a.|pi 

Heetional area of 115 nquare fei*t. 1.4*1 flie eijiiipiip'ii! i'f»ir%h4 
of four motorn of tlie tyfie wlione eliiiriir!'*‘iT4ir^. are given in 
lig. 52, and let the line voltage, gear rediietiuii ratifi, aiifl i4»,^ 
of wheel be that for wdiieh the etirven of fig. 52 mrr flmwii. 
Let the tiraking rela.rdation la* iih 1*5 fii.pii. per 

l 4 ‘t the (control lie H(*rii*H“para!lel %vit!i iirt itvi-'nige iief‘e!f.*rfititig 
eurrcu'it of 275 aniperen per iriotor ; iiiid mifli iko niitfi- 
matieally tapped in parallel ivlieti tin* etirreiit In 125 

ainperen. Lc:?i tlie avenigc* diHiitriee hf^tweeii «4iilioir?* H,25il 
feet, and let the train he r(a|«ired to rttii IIiih i|i-H|iitif*o milli iiii 
allowaiKM* of time in hand of ithotif 7| j«*r of llir riiiirMiig 
tirm*. L€*t the Htation-Htop have an iivernge iliiriitioii of 
HeeondH. ''Fhe iidditional widglil dite to rotiitiiig iniim** in 
a{)proxiiiiati*ly 14 tonn, niiide up m follcnv^. : 

fAir 4 nrnmtitrf*H nt 2,Hne 10^. 11,200 lOo 

Fftr 52 u'Ii<*i4h nt One llm, ili». 

Kf»r 4 genrn nl 250 Ib^. tmrU , Puitii ||io, 


Ilf. 
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Calculation of Speed, Time and Distance. — ^Th© weight 
of the train is accordingly 47 English tons per motor, and the 
effective weight 50-5 tons per motor. The tractive resistance 
may be computed according to the methods suggested in the 
last chapter, which give the resistance curve of fig. 171. 
Tables 11 and 12 give the schedule of the calculation corre- 
sponding to the run in question. The beginning of the calcu- 
lation, that is until the speed curve at running voltage is 



SPEED. M.P.H. 

Fig. 171. — Tractive Besistance Curve. 


reached, is somewhat abnormal and depends on the method of 
control in use. This portion might have been calculated in 
detail as was done in fig. 101, but it is difficult to conceive of 
a problem in which such refinement would be justified ; and 
it is generally sufficient to assume that the accelerating tractive 
effort per motor is maintained constant at its mean value 
throughout the accelerating period, unless it is desired to take 
account of a lingering on the first point, which is sometimes 
necessary in the single-phase system in order to reach a certain 
speed with weak field. The first column in table 11 gives a 
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series of arbitrarily chosen currents beginning with the acceler- 
acting current and proceeding with diminishing decrements 
nearly to the free running current. The second column gives 
the speed, and the third column the tractive effort corre- 
sponchng to the current in the first column, these being taken 
from fig. 52. The fourth column gives tractive resistance per 
motor from fig. 171. The fifth column is the difference between 
the third and fourth, and represents the accelerating tractive 
ejEfort. The sixth column gives the mean accelerating tractive 
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IPiG. 172. — Train Characteristics computed by point-to-point method. 


effort, each item being the mean between a pair of consecutive 
items in column five. The seventh column is the increment 
of speed, taken from column two. The eighth column is the 
corresponding increment of time, being the figure given in the 
seventh multiphed by 5,150 and divided by the figure in the 
sixth. The figure 5,150 is a constant for the train, being 102 
times the effective weight per motor in English tons, and 
representing the tractive effort required to give the train an 
acceleration of 1 m.p.h. per sec. The ninth column gives the 
time, being the sum of the increments given in the eighth 
column. The tenth column is the mean speed, deduced from 
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column 2. The eleventh column is the increment of dis- 
tance, being the product of mean speed and increment of time, 
reduced to feet by means of the multipher 22/15. The twelfth 
column is the distance, or the sum of the increments of the 
eleventh. There is a discontinuity in the table where the 
motor “fields are tapped by means of relays, but the procedure 
at this point presents no difficulty. Fig. 172 gives train 
characteristics plotted from this table, being curves of current, 
speed and distance, (columns 1, 2 and 12) plotted against time 
(column 9). 


TABLE 11. 


1 

2 

3 

4 : 

6 

6 

7 

8 

9 

10 

11 

12 

a 

1 

Speed 

Tract. 

Effort 

Tract. 

Resist. 

Acc, 

T.E. 

Mean 

Acc. 

T.E. 

Incr. 

Speed 

Iner. 

Time 

Time 

Secs. 

Mean 

Speed 

Incr. 

Dist. 

Dis- 

tance 

feet. 

Full 

275 

field 

0 

4,790 

310 

4,480 




0 

1 




0 

— 

— 

— 

— 

— 

4,480 

20-0 

23*0 

— 

10*0 

337 

— 

275 

20-0 

4,790 

310 

4,480 

— 

— 

— 

23*0 

— 

— 

340 

— 

— 

— 

— 

— 

3,650 

2-5 

3*5 

— 

21*25 

109 

— 

200 

22-5 

3,150 

330 

2,820 

— 

— 

— 

26-5 

— 

— 

450 

— 

— 

— 

— 

— 

1,995 

5*4 

13-9 

— 

25*2 

515 

— 

125 

27-9 

1,550 

380 

1,170 

— 

— 

— 

40-4 

— 

— 

960 

Tap ped fi 
290 27-9 

eld 

3,640 

380 

3,260 




40*4 



960 

— 

— 

— 

— 

— 

2,610 

4*3 

8*5 

— 

30*05 

374 

— 

220 

32*2 

2,380 

420 

1,960 

— 


— 

48*9 

— . 

— 

1,330 

— 

— 

— 

— 

j — 

1,450 

7*3 

25*9 

— 

35*85 

1,360 

— 

165 

39-5 

1,440 

500 

i 940 

— 

— 

— 

74*8 

— 

— 

2,690 

— 

— - 

— 

— 

— 

715 

5-5 

39*6 

— 

42*25 

2,456 

— 

140 

45-0 

1,050 

560 

490 

— 

— 

— 

114*4 

— 

— 

5,150 

— 

— 

— 

— 

— 

355 

4*4 

63*8 

— 

47*2 

4,415 

— 

125 

49*4 

830 

610 

220 

— 

— 


178*2 



9,670 


Coasting and Braking Periods. — ^The above calculation 
deals only with the time during which the motors are taking 
power from the line, and, in order to complete the curves, the 
portions corresponding with the coasting and braking periods 
have to be determined. These must be so drawn that the 
total area enclosed by the speed-time curve represents the 
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specified distance ; and an allowance of time, in excess of the 
minimum possible, should be kept in hand sufficient to satisfy 
the exigencies of the service. It is usual to complete by a 
method of trial ; but this is apt to be found a tedious procedure, 
and more direct methods of computation are usually preferable. 

Minimum Time oe Eunning. — Consider first the determina- 
tion of the minimum time in which the given distance can be 
run, a necessary preliminary to determining the margin of 
time in hand. The problem is that of adding a braking curve 
to the speed-time curve of fig. 172, having the specified slope, 
and drawn in such position as to include an area representing 
the correct distance. In the figure, let the speed at any time 
be 5i, and the distance Di. If power be cut off and brakes 
applied at this instant, the rate of braking retardation being b, 
the time required to bring the train to rest is Si/6, and the 
distance covered in the time If D is the 

required total distance, the defect, d, is D — (Di H-Dg), 
which may of course be either positive or negative. If 
a is the rate of acceleration at time t^, the additional time U 
to be allowed is connected with d by means of the equation : 


ab 


15 Cl b ^ 
U ~ ab 


or 


U + 


Q> -}- b 
ab 


Si 


a b 
ab 


15 ab cZ ] 
"^Ti a + b JT") 


(4) 


If the point selected in the first instance is reasonably near to 
the correct point of cut off, this equation reduces to : 


^ 22 ( 44 a + 6 

Thus the minimum time for the run is ; 

^ ^ ^ 15 d 15 ab d\ 

" 6 22 44 a 


(5) 

( 6 ) 


In the example under discussion D = 8,250 feet and 6 = 1*5 
m.p.h. per second. If now ti be taken at 114*4 seconds, so 
that Si = 45 m.p.h., Di = 5,150 feet, Dg == 990 feet, d = 2,110 
feet, a = *095 m.p.h. per second ; from equation 6 : 

t == 114*4 + 30*0 + 31*0 = 175*4 seconds. 

If the speed-time curve to correspond with a definite schedule 
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l)C sought, the time of running the specified distance will be 
known ; and if it be required rather to find the schedule 
which it is dynamically practicable or advisable to run with 
the given equipment, a suitable margin upon the minimum 
timcj as above determined must be kept in hand, and the total 
time of running is therefore still known. In either case, 
aecordingiy, t.ht< position of the braking curve is known, and the 
ne.’ct problem beecunes that of placing a coasting curve, sloping 
at the appropriatf! angle, which, with the motor-accelerating 
and th(* braking <nirve.s already locakid, gives to the whole 
H{H!ed-timo curve the area required to represent the specified 
distance. 

CoASTiN'c CfiiVK. — It was explained in the last chapter 
that the resisfamte to the motion of the train when 
coasting is greater than tla; true tractive resistance, inasmuch 
us the molf>r-frietion now acts as a retarding force. Using the 
coasting resistamat as tia^ rtftarding tractive effort, the true 
eoa.sting eurvt! {;oui(l be eonquitod in the same manner as the 
accelerating curve with powin- on was computed in table 11. 
It is however g<*m‘rally (juito sufficient to assume a moan 
value for the coasting ivsistanc(», inasmuch as the variation 
is comparatively small and uncertain. This value should be 
taken to corre,sj)oncl with a H|)eod somewhat greater than the 
ujean eoa.sting sj)eed, for reasons given in the last chapter. 
The coasting curve in fig. 172 is therefnre assumed to be a 
struighl litic. 

Completion of Speed-time Curve. — The solution of the 
problem of completing the train characteristic curves is usually 
sought by a method of trial ; but the following direct method 
for clTectiug the object will present no difficulty to those 
accustomed to making calculations, L<»t the point for cutting 
off power be guesstsd us aj)j)r(»xin»iting to a jioint Q (fig. 173), 
which may usually witli advantage las taken as one of the 
points detertitincfl in the tabular calculation of the curve, 
last the time to this point bo and the distance Dj. Let the 
speed at Q be a, and the rate of acceleration at this point, a ; 
let the tangent at Q — whose slope is a — meet the braking 
curve, aln-ady located, at the point T, and let bo the speed 
at T. Then if t is the total running time : 
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or 

Sa = ; — r (Si at^) . . • C^) 

a + 0 

Taking the fictitious speed-time curve so constructed as 
representing distance Di -f Da is given by ; 


22 [^1 I 

Is l 2 ~ ~~a 2&J 
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■piQ. 173. — Speed’Time Curve accompanying Calculation. 


Let the distance, Di +D 2 , exceed the specified distance, D, 
by d. The problem is now therefore to draw in the coasting 
curve at the appropriate slope, c, in such manner as to cut off 
from the figure an area representing distance, d. Let the 
coasting curve cut the speed curve at P, and the braking curve 
at B, the speed at B being Sz —s. Draw PA horizontal, 
cutting the braking curve at A, and TN, BN' vertical. Writing 
PA = X, and TN + BN' = s ; the area cut off by the coasting 
curve : 


d = ^ — xs 
^ 15 
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Now : 


or 


Hence : 


and 


or 


X = tn(- + L) = bn'( i - L) 

\ a 6/ \ c b y 


TN = a;, BN' = 

a -\-o b —~c 

S = 

(a+6)(6— c)' 

^ _ 11 (g +b){b 
15 b\a+c) 

s2 = — d 

11 (a + 6)(6 — c) 


( 9 ) 


This equation determines the point B, and therefore the 
position of the coasting curve. 

Continuing the discussion of fig. 172, since the minimum 
time of running the distance has been found to be 175*4 
seconds, and the margin of time to be kept in hand is per 
cent., the total running time (t) should be 190 seconds. Assume 
as a first approximation, that power is cut ofi at ^ = 74*8 
seconds (see table 11) and take coasting resistance as 555 lbs. 
per motor. Then ; 


a = 940/5,150 *182, b = 1*5, c = 555/5,150 = 0*108, 

ti = 74*8, 6*1 = 39*5, - 2,690 

to = t — ti, s. = 54*0, Do 6,850 

™ 115-2, (eqn. 7) (eqn. 8) 

cZ = Di + Da ~ D = 9,540 — 8,250 = 1,290 feet. 


From equation 9 : 

52 = 490 
5 =22*1 

— s = 31*9 m.p.h. 

The above method is capable of giving the distance correctly, 
within a few feet, unless the selected point, Q, be very wide of 
the mark. If Q is chosen beyond the correct point, the dis- 
tance represented tends to be in excess of the specified distance. 


346 


RAILWAY ELECTRIC TRACTION 


The point B having been determined, the train characteristics 
of fig. 172 can now be completed. 

Calculation of Energy Consumption and Losses in 
Motors. — The relation between current and time having been 
determined in table 11, and the instant when power should be 
cut off having now been found, the energy consumption and 
motor losses can readily be calculated since the system of 
control is known. In the continuous current system with 
series-parallel control, the mean power input during accelera- 
tion on rheostat is approximately three-fourths of the parallel 
power, whilst in series, series-parallel, and parallel control it 
is eleven-sixteenths of the parallel power. In the single-phase 
system it is often sufficient to take the mean between the 
power which gives the full accelerating tractive effort with 
motor stationary and that at which the running speed curve 
is reached with the same tractive effort. In the three-phase 
system with cascade-parallel control, the mean power during 
acceleration may be taken at three-fourths of the parallel 
power. In estimating the heating of the motors, the accelerat- 
ing current may be assumed constant until the running curve 
is reached, except in some forms of single-phase motor in which 
the field is weakened and the armature current increased for 
acceleration. The appropriate methods to apply will be obvious 
when the characteristics of the motor and control are known. 
The period of acceleration to the speed curve is therefore 
treated in the calculation as if the number of controller points 
were infinite and the rheostats adjusted to give uniform 
accelerating current per motor, whereas actually a hmited 
number of controller points are employed, resulting in as many 
peaks of current. With rheostats adjusted to give approxi- 
mately uniform peaks, however, this deviation from actual 
conditions is without appreciable effect on the speed, energy 
consumption, or loss in motors, so that there is no need to 
complicate the calculation by making assumptions nearer to 
actual conditions in this respect. 

Table 12 gives a schedule of calculation of energy input and 
motor-loss for the typical run considered. The first two 
columns are repeated from table 11, being the first and eighth 
columns of this table, but finished in accordance with fig. 172. 
The third column gives the mean current. The fourth column 
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TABLE 12. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Amps. 

Incr. 

Mean 

Incr. 

Amps. 

squared 

Mean 

Incr. 

Core 

Mean 

Incr. 


time 

Amps. 

Energy 

Amps. 

squared 

Bes. 

Loss 

Loss 

C.L. 

C.L. 

Full 

field 









275 

— 

— 

— 

75,700 


— 

0 

— 

— 

— 

23-0 

275 

1,020 

— 

!75,700 

247,700 

— 

2,810 

64,700 

275 

— 

— 

— 

75,700 

— 

— 

5,620 

— 

— 

— 

3-5 

237-5 

179 

. 

57,850 

28,800 

— 

5,020 

17,600 

200 

— 

— 

— 

40,000 

— 

— 

4,420 

— 

— 

— 

13-9 

162-5 

487 

— 

27,800 

55,000 

— 

4,085 

56,800 

125 

— 

— 

— 

15,600 

— 

— 

3,750 

— 

— 

Tap 

ped fi 

eld 








290 

— 

— 

— 

84,100 

— 

— 

6,330 

— 

— 

— 

8-5 

255 

467 

— 

66,250 

62,100 

— 

5,950 

50,600 

220 

— 

— 

— 

48,400 

— 

— 

5,570 

— 

— 

— 

25-9 

192-5 

1,072 

— 

37,850 

108,000 

— 

5,500 

142,300 

165 

— 

— 

— 

27,300 

— 

— 

5,430 

— 

— 

— 

9*2 

160 

317 

— 

25,650 

26,000 

— 

5,460 

50,200 

155 

— 

— 

— 

24,000 

— 

— 

5,490 

— 

— 



Sum 

3,542 

watt-hours 

527,600 

watt-secs. 

382,200 watt-secs. 


gives the increment of energy input per motor, being, except 
for the first item, the product of the voltage by the items of the 
second and third columns, the whole divided by 3,600. The 
first item is three-fourths of this, to provide for series-parallel 
control being used. The fifth column is the square of the 
motor current, and the sixth the mean square. The seventh 
column gives the increment of resistance loss in the motor 
windings in watt-seconds, being the product of items in second 
and sixth columns by the motor resistance. The eighth 
column gives core-loss, including load loss, from fig. 56. The 
ninth column gives the mean core-loss, and in this connection 
it may be mentioned that the mean core-loss during the period 
of acceleration on resistance is practically 50 per cent, of full 
voltage core-loss. The tenth column gives the corresponding 
energy loss, being the product of items of second and ninth 
columns. 

The sum of the increments in the fourth column in table 12 
gives the energy input as 3,540 watt-hours per motor for the 
distance of 8,250 feet, from which is deduced the energy con- 
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sumption of 9-07 kilowatt-hours per train milo or 48-2 watt- 
hours per ton mile. The sum of the increments in the seventh 
column gives the resistance loss per motor as 528,000 w^att- 
seconds for the run, which, divided by the total time, including 
station-stop (250 seconds) gives an average resistance Iobs of 
2,110 watts. Similarly the sum of the increments in the tentli 
column gives the total core-loss for the run as 382,000 
seconds, or an average of 1,530 watts. The l)rush“reBistance 
loss may be obtained from column 4, increasing thci first item 
by a third; this gives a total of 3,880 X 2 x 3,000/775 
36,000 watt-seconds or an average of 150 watts, approximately. 
The average armature speed is 573 r.p.m. and the corresponding 
average friction loss 1,830 watts. Thus the total comptited 
average loss in the motor during schedule running is about 
5,620 watts. From fig. 55 it is seen that the motor, when 
running at 573 r.p.m., dissipates 128 watts j)er degree rise : 
accordingly the temperature rise to bo expected with 5,020 
watts loss in continuous running on the testing stand is 44 C. 
As the motor is of the self-ventilated ty|)e, this may also be 
taken as the approximate rise in the service conBidered. Acttml 
service on the railway would probably be somewhat itiore 
severe, as no allowance has been made for untoward circum- 
stances. The estimation of the heating of the motor in 
is of equal importance with the determination of its dynamieiil 
capability or energy consumption ; and compariBons baHcci cm 
dynamical characteristics alone are often quite misleading. 

The Use and Value o£ the Method.— The point-to-point 
method has two principal uses : it is the BimpleMt method for 
making accurate comparisons, whether between tlie per- 
formances of a given train in different servicoB, or betwoeii 
the performances of different trains in the same service ; it in 
also the most satisfactory means of obtaining a general idea of 
the performance of a train. It has the advantage of being 
a direct application of first principles, so that errors in the 
calculation are readily detected. The average performanca 
which it is appropriate to discuss by this method is of great 
value, for although the investigation is confined to the average 
schedule and to level track, it corresponds in general vary 
fairly with the average performance on the actual schedule. 
Of course, if the line is, like the Central London Railway, graded 
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; to dip in each direction from every station, the schedule 
be run with less powerful equipments and with lower 
yy consumption than the calculation would indicate, but 
e the stations are promiscuously arranged with reference 
:adients, the average energy consumption for runs which 
•n to the starting-point is not usually more than a few per 
greater than it would be if the track were level every- 
■e — the extra power required at one place being practic- 
§iven back at another. Small as is the usual effect of 
Lents on the average performance, the effect of variation 
stance between stations is even smaller — ^the performance 
he average distance agreeing very closely with the average 
)rmance for the actual distances. The effect of curves, 
bions, etc., unless such as to impose restriction of speed, is 
1 and sufficiently well met by taking a somewhat high 
e for train resistance. 

ADEQUACY OE METHOD FOR DEALING WITH ACTUAL 
muLE. — ^Altogether the computed train characteristics of 
verage schedule run are of great value and significance, 
^spending closely with the general performance of the 
.. Sometimes however a final choice of the equipment 
calculated to perform a given service has to be made, or, 
jhoice having been made, it is desired to determine what 
t the special features of the particular route have on the 
>rmance of the train, and what is approximately the best 
of handling it, under the various circumstances that arise, 
ch cases the discussion of the average schedule is obviously 
ficient, and the gradients, distances, etc., incident to the 
il service must be introduced into the calculation. The 
3-to-point method could be used for this purpose without 
ulty, — ^for the effect of a gradient is only to change the 
}ance to the motion of the train ; but since the independent 
hie is the speed, and that this has no simple relation to 
iistance, a calculation by methods of trial is necessary 
ever the gradient changes, and the point-to-point method 
nes very tedious. 

lalytical Method. — The method to be discussed next 
ieveloped by the author some years ago,* and is particu- 

■ee Transactions of the American Institute of Electrical Engineers, 
)2, p. 113. 
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larly applicable to such problems as indicated in the last 
paragraph, in that it enables the distance to be taken as inde- 
pendent variable, and identifies the speed-distance curve on 
any gradient with one of a universal system of speed-distance 
curves which have been determined once for all, providing at 
the same time a simple formula to connect time and distance. 
The method, which is an analytical one, depending on tlie 
determination of a formula to connect speed and tractive 
effort, is applicable to any motor having series characteristics, 
whether continuous current or single-phase. It may here be 
mentioned that motors having approximately constant speed 
characteristics, such as the polyphase induction motor, present 
little difficulty in the determination of their performance in 
service ; for, the changes of speed being small, the train very 
quickly reaches a steady condition on any gradient, and ac- 
cordingly the methods now under discuBsion are unnecessary 
for such motors. 

Speed- Tractive Effort Curve of Motor,— The method 
assumes that the curve between speed and tractive effort for 
the train equipment in any running condition luis a particular 
form which is capable of being expressed in terms of three 
constants. The assumption however, arbitrary as it appears, 
is nearer to the facts than the nature of the prohhun actually 
requires ; for it is within the limits of determinancy of the 
data. The total resistance to the motion of the train is chiefly 
composed of the gradient and tractive rcsistanccH. Of 
the latter is a function of the speed and it is accordingly con- 
venient to subtract it from thc!; tractive effort of the motors 
throughout the range of speed cairve running, leaving only 
resistances which are independent of speed to be taken into 
account. The motor curve, therefore, from which the per- 
formance of the train is to be deduced, is that between speed 
and the residual tractive efforf after the reqtnroments of 
ordinary tractive resistance have been satisfied. It is assumed 
that the portion of this curve which is employed in service 
takes the form of a rectangular hyperbola having its asymptotes 
parallel to the axes. Thus if F is the tractive effort and B the 
speed, the equation of the curve is of the form : 

(F+FJ(S--B,) ^K8, . . . (10) 

where F^, and K are constants. The determination of the 
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constants is a matter of no great difficulty in any particular 
case. Three speeds are taken, one at about the accelerating 
current, one about free-running speed, and one intermediate 
between these, and, the corresponding tractive efforts having 
been determined, the three constants in equation 10 are found 
as the solution of three simultaneous equations. Thus from 
figs. 52 and 171 the following table is deduced : 

TABLE 13 


Current ..... 

. 275 

170 

125 

Speed (S) .... 

. 28-7 

38-6 

49*3 

Tractive effort. 

. 3,380 

1,520 

830 

Tractive resistance . 

. 390 

490 

610 

Residual tractive effort (F) 

. 2,990 

1,030 

220 


Hence : 

28*7 F, - 2,990 S, -f 85,810 = 

38-6 F, - 1,030 S, + 39,760 = 

49-3 F, - 220 S, + 10,850 = (K -h F,)S, 

. * . 9-9 F, -f- 1,960 S, — 46,050 = 0 

10-7 F, -f 810 S, —28,910 = 0 

S^ =15-95 m.p.h., = 1,493 lbs., K = 3,580 

= 23-4 f.p.s. 

Accuracy of Curve. — In order to show how nearly the 
equation so determined follows the speed-tractive effort curve 
of the motor over the useful range, fig. 174 has been deduced 
from figs. 52 and 171, and on it are shown a few points plotted 
in accordance with equation 10, using the constants deter- 
mined above. Such an equation is required for each running 
curve of the motor. If series-parallel control is used, for 
instance, there will be two equations, corresponding with 
series and parallel running respectively, and with field-control 
there will be others corresponding to the various field strengths. 
With single-phase commutator motors one or other of several 
curves may be employed as a running curve, according to the 
requirements of the service. It will be found possible to 
determine an equation of the form of equation 10 which will 
represent any of these curves with substantial accuracy. In 
many cases, however, the normal running is confined to one 
curve, and the abnormal running is insignificant in amount ; 
as when series running is used in passing over special work 
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outside a terminus and the like, and the acceleration is con- 
tinued to full parallel elsewhere. In such a case it may be 
deemed sufficient for the purpose in view to take the scries 
curve as giving a half the speed of the parallel curve for the 
same tractive effort, so that its equation, as deduced from that 
of the parallel curve, is : 

(F +F,HS -iSJ IK8, . . (11) 

Where however there is much series running, the eorrc‘et (nirve* 
should be determined. 

Notation. — In the following discussion, the symbol for a 



SPEED, M.P H. 

Fig. 174.— Motor Speed Curvo, 


variable, if written without <listinguiHhing mark, (ienotoH that 
it refers to the current value of the variable ; if (IiiHht-d, it 
denotes that it refers to the free running condition correspond- 
ing to the particular gradient : the suffix 1 atta< 3 hcd to a 
symbol denotes that it refers to the initial con<lition of sptjcd- 
curve running on the gradient, whilst the suffix 2 deuotcH that 
it refers to the final condition actually attained. Capital 
letters are used to denote q[uantities expressed in normal units, 
whilst the corresponding small letters denote these quantities 
when expressed in certain special units to bo defined later. 

Free-running Speed. — ^When the free-running condition 
has been reached, the tractive effort as given by equation 10 
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is eq^ual to the residual resistance which, as has been explained, 
is that of the gradient only. Thus it is appropriate to write 
F' for the grade-resistance, and the free running speed is S', 
given by : 

(F +F,)(S' -S,) =KS„ . . (12) 

As has been indicated above, special units of time and distance, 
suited to the train and its equipment, are to be used ; but it 
may here be mentioned that the new unit of speed is S,, ; if s 
is written for the speed in terms of this unit, that is : 


equation 10 becomes : 

(F + F,)(5 - 1) = K . . . (14) 

and equation 12 becomes ; 

(F -h F„)(s' - 1) = K . . . (15) 


Equations ol Motion and Determination of Time and 
Distance. — Let force be expressed in gravitational units, g 
being the value of the acceleration due to gravity. The general 
equation for the motion of the train whose effective mass is 
M' on a grade whose resistance is F' is : 

M'4f -(F-F')g- 
(it 

or 

M'S„^-(F-F)gr . . . (16) 

at 


For speed-curve running accordingly, from equations 14, 15 
and 16 : 




s' — s 

(7^^1)(S'- 1) 


(17) 


Thus, the time of speed-curve ruiming between speeds Si and 
Sa is ; 


T 


M'S„ 

w 


(« — l)(g' 

»i 5 5 


1 ) 


ds 


(,'_l)r(,'_l)log«^_(a-l)T (18) 

L o — S -J 
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The corresponding distance of running is : 


D 


SdT 


r So, 

= S, sdT 
f 

Kfl J 


*= (s' — l)s (s — 1) 


ds 


Let the units of time and distance be taken as ; 

M'S 2 


rp _M'S, 
" K(/'’ 




Kg 


(19) 

( 20 ) 


Universal Speed-time and Speed -distance Curves.- 

Write, consistently with foregoing : 

T 

t; 


t 


® 7 

= d 


( 21 ) 


Equation 18 becomes : 

r. 


t={s' — l) (s'-— 1) log™ 


5 ' — 1 


L 


S' — s 


-{s- 




( 22 ) 


Equation 22 shows that t is the difference between the abscissae 
at points, whose ordinates are y = Sj and y = s, on the curve 
whose equation is ; 

x = (s' — 1) r (s' — 1) log — (y — 1)1 . (23) 

L s—y J 

Equation 23 represents, therefore, a general speed-time curve 
corresponding to the period of running on the motor curve. 
As long as the eqmpment, train, and gradient combine to give 
a certain value, s' , to the free running speed, the speed-time 
curve, with the units of speed and time taken as directed above, 
is a portion of the curve represented by equation 23, in which 
s' has the value determined by equation 15. If therefore 
the free running speed s' be taken as a variable parameter and 
a complete system of speed-time curves plotted in accordance 
with equation 23, these will represent to a certain scale the 
motor-curve portions of aU possible speed-time curves that 
can be obtained with series motors. Similar remarks apply 
to the speed-distance curves to be considered next, and these 
from the present point of view are of greater importance, since 
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distance is the natural co-ordinate in which to e 2 cpress the limits 
of a gradient, of a curve, or other constant circumstance. 
From equations 19 and 21 : 

J St S 


s' 


{s' - 1){S - 1) 


ds - 


Si ^ 


{s' l){s — l)tZ5 


(^ 4 ) 


The general equation of the speed-distance curves is accord- 
ingly : 


a; = (s' _ l)( 5 ' r {s' - 1) log - (y- 1)1 -Ky- 1)=^| (25) 
I L s —y J ) 


The system of speed-distance curves derived from this equation 
for a succession of values of s' is given in fig. 175. These are 
the universal curves by means of which the performance of 
any train on any route can be computed. It will be noticed 
that each of these curves has two branches, the upper of which 
is derived from the integral when s is greater than s ' : this 
branch is for use when a gradient is reached at a speed greater 
than the free running speed for the gradient, so that the train 
slows down as it progresses, but no variation in the method 
of treatment is involved thereby. 

In using the present method, the distance is taken as inde- 
pendent variable, the corresponding speed is taken from the 
appropriate curve of fig. 175, and the time is computed from 
equation 24, which may be written : 


s't = d + 1 ( 5 ' — 1)(52 — Si )(52 + Si — 2) ( 26 ) 


Accelerating Period. — Before discussing the method of 
calculation in detail, it is necessary to consider the period of 
acceleration by which the normal running curve of the motor 
is reached. It is usually sufficient for this purpose to assume 
a uniform tractive effort during the period in question, and to 
take train resistance as that at the speed of reaching the motor 
curve. Thus the tractive effort available for overcoming the 
resistance of the gradient and accelerating the train is con- 
nected with the speed of reaching the motor curve by equation 
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10, and writing Fj for the tractive effort, the speed is given 

by: 

(Fi + F,)(si - 1) = K . . . (27) 

If a is the constant rate of acceleration (see equations 16 and 
17 ): 

M'a =(Fx -F')^ 

= £ . ~h . . . (28) 

^(s'-i)(s,-l) ^ 

If T„ is the time of acceleration : 

T =1^ 

'*'a 

a 

=T 

s' — Si 

Thus expressing the time in terms of the unit as before : 

The distance of the acceleration is : 

In terms of the unit Do : 

_ 1 (s' — l)Si^{Si — 1) 

^ s'— Si 


. ( 29 ) 

ore : 

. ( 30 ) 


^'a — 2*^ l^a 


. ( 31 ) 


( 32 ). 


Change of Gradient during Acceleration. — If the 
gradient changes during the acceleration period, after distance 
di^, the constant s' changing from s/ to So' the speed Sn at the 
instant of the change is given by : 

di 111 

Si—Si 2 

The total time is given by : 

f2a —7 Si-+- — S n . (33)) 

^2 (S 2 '^l)('5i Si) 

The total distance is given by : 


^la (^^)’ 


S 2 Sj 2 (S 2 ' — 5i)(Si' — 1) 

Acceleration from Speed. — When the uniform accelera- 
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tion, instead of starting from rest, starts from some known 
speed 5 11 , as when power is applied after a slow-down, the 
equations for accelerating time and distance are : 




s —s 


(35) 


^7 1-)(^1 !•) '^ ii ^ 

s — Si 2 


(36) 


The speed of reaching the motor curve after acceleration is 
usually comparatively low, as expressed in universal units, 
and there is considerable difficulty in determining the corre- 
sponding abscissa in fig. 175, on account of the multiplicity of 
converging curves at low speeds. The abscissa can however 
be determined directly from equation 25, which may, if 
preferred, be expanded in the form : 




. . . (37) 

A few terms of this expansion are generally sufficient for the 
purpose. 


Method o£ Making Calculations. — When the data appro- 
priate to a particular train and equipment have been deter- 
mined, their application to the problem of computing the 
dynamical performance of the train in given service is com- 
paratively simple. The necessary integration having been 
carried out once for all, and incorporated in the curves of fig. 
175, the computation as regards any particular gradient is 
reduced in most cases to the labour of looking out one abscissa 
and one ordinate on the curve appropriate to the train and 
gradient in fig. 175, and making a few simple calculations from 
the results. The abscissa in question is that corresponding 
with the speed of entering on the gradient. To this should be 
added the distance travelled on the gradient, giving a new 
abscissa ; and the corresponding ordinate is the speed of 
leaving the gradient and of entering on the next. The time 
on the gradient is then obtained from equation 26. The power 
on entering or leaving the gradient may be deduced from the 
motor characteristics ; and the energy used may be estimated 
therefrom ; or the energy may be computed directly by methods 
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to be given later. The motor losses may be treated in a 
similar manner. The passage from one motor speed curve to 
another usually involves looking up another point in fig. 175, 
but presents no feature of difficulty. The change in the unit 
of time and distance should however be kept in mind. 

Tables 14 and 15 show in detail how the calculation may be 
made. In these the first two columns give constants of the 
speed curve in use (equation 14). The third, fourth and fifth 
columns give appropriate units of speed, time and distance 
respectively. The sixth column gives the gradient, reckoned 
positive when against the train. The seventh column gives 
the tractive resistance, E', due to the gradient only. This 
figure may be taken to include the resistance due to curves 
also, but for the purpose in view it is perhaps easier to include 
an average value for this in the ordinary tractive resistance 
and make allowance for it in the equation of the speed curve ; 
in the table, E' is the gradient ratio multiplied by the weight 
per motor, in lbs. The eighth column gives the free running 
speed on the gradient (equation 15). The ninth column gives 
distances, in feet ; and the tenth the corresponding distances 
in terms of the unit D^. The eleventh column gives the speed 
at which the appropriate curve of fig. 175 — determined by s' 
in the eighth column — ^is reached. The twelfth column gives 
the abscissa of fig. 175 corresponding to the ordinate given in 
the eleventh. The thirteenth column is the sum of the items 
in the tenth and twelfth. The fourteenth column gives the 
ordinate corresponding to the abscissa of the thirteenth and 
represents the speed of leaving the particular curve ; except 
where the units are changed it also represents the speed of 
reaching the succeeding curve (column 11). The fifteenth 
column gives the interval of time, computed from equation 26. 
The sixteenth column gives the same interval in seconds. The 
seventeenth column gives the integral time in seconds ; the 
eighteenth the speed (columns 14 and 3), and the nineteenth 
the integral distance (from column 9) corresponding. The 
curves of figs. 176 and 177 are plotted from the three last- 
mentioned columns. 

The acceleration periods are somewhat special, and in order 
to make the examples more generally instructive, a speed 
restriction, compelling series running, is supposed to exist for 
the first 150 yards of fig. 176 (table 14), The speed of reaching 
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Fig. 176. — Train Characteristics, 4 coach train: Outward Journey. 
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Fig. 177. — Train Characteristics, 4 coach train : Return Journey. 
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the motor-curve may be taken from this curve, or computed 
from the accelerating tractive effort by means of equation 27. 

The time of acceleration (column 15) is given by equation 30, 
and the distance (column 13) by equation 31. In the fourth 
row, the acceleration to full parallel is performed, the intervals 
of time and distance being given by equations 35 and 36. 
On the return journey (fig. 177, table 15) there is a break of 
gradient during acceleration, and equations 32, 33 and 34 are 
employed. In the eighth line of table 14 it should be noted 
that the gradient is reached at a speed higher than the free 
running speed, and the figures in columns 12 and 14 are got from 
the upper branch of the curve of fig. 175. The coasting and 
braking periods, having no reference to the motor characteris- 
tics, are computed directly in terms of ordinary units. 

Speed-time, Distance-time and Power-time Curves. 

— Having determined both the speed and the time at which 
the limits of each gradient are reached, the speed-time curve 
and the distance-time curve can be plotted approximately. 
It is usually of little importance that intermediate speeds are 
not accurately determined, since the distance is allowed for 
correctly, but if desired these intermediate speeds could be 
obtained from the speed-distance curves and equation 26. 
The power being known at each speed, the power-time curve 
can be put in approximately, and thus the complete train- 
characteristics are determined. 

Energy Consumption. — ^The integral of the power-time 
curve gives the energy consumption ; but, when a schedule 
calculation is being made, this is more easily deduced analytic- 
ally. The motor characteristics that have been given for 
series motors show the tractive effort as almost a straight line 
function of the current, at any rate over the most used portion 
of the curves. If the residual tractive effort, after taking 
away the tractive resistance, be plotted against current, the 
result is even more nearly a straight line. Hence the relation 
between power (P) and residual tractive effort (F) approxi- 
mates closely to : 

P-aF-t-P, . . . (38) 

Thus for the figures of table 13, a = *042, P^ = 88, P being 
in kilowatts. 
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Between any two speeds and ^ 2 , on a particular gradient, 
the energy consumption is : 


' 2 
» 1 


FdT 


(P -P' h-P')<ZT 

L 

j Vl’ - + P'(T2 - Ti) 


aW 

= - so +F(T2 - to 

9 


. (39) 


(see equation 16). 

The energy consumption in speed-curve running accordingly 
consists of two portions, one P'(T 2 — Ti), (where P' =a P' H-Po), 
pertaining to the gradient, and the other aM'(S 2 — Si)/{ 7 , 
pertaining to the motor-speed curve. The energy consump- 
tion during acceleration by controller is deduced from the 
power Pi =aFi + P^ with appropriate allowance for the 
method of control. 

In tables 14 and 15 the twentieth column gives a and the 
twenty-first P^. The twenty-second column gives P' (or Pj 
when the train is being accelerated by controller). The twenty- 
third column gives P'T (or PiT X suitable constant), from 
columns 16 and 22. The twenty-fourth column gives 
aM'(S 2 — Si)/gr (see column 18), or aKTo(52 — .Si) (see columns 
1, 4, 11, 14 and 20). In this column it is of course unnecessary 
to compute the increment for each gradient ; but only to 
consider the complete change of speed on each speed curve. 
The sum of the items in the twenty-third and twenty-fourth 
columns gives the energy consumption for the run, in kilowatt- 
seconds. 


Use of these Methods. — ^The motor losses can, if desired, 
be deduced by similar methods, but in most cases it is sufficient 
to base these on the average schedule run, as the uncertainty 
of the data employed in computing the resulting temperatures 
under service conditions renders the more detailed calculation 
of small practical value ; and a large allowance to cover this 
uncertainty has in any case to be made. The analytical 
method here expounded is chiefly valuable in the treatment of 
such problems of dynamical performance as are exemplified 
above. Minor variations in the method may be necessitated 
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by the circumstances of particular cases, but these in general 
present no features of difficulty. 

In the initial stages of the discussion of an electrification 
scheme, it is natural for the available data to be of a general 
nature only, and the methods of the last chapter then suffice 
for the discussion of the subject. When such prehminary 
discussion, in its effect on revenue and expense, has indicated 
the most suitable train and schedule, the point-to-point method 
may be used to determine the most desirable equipment for 
the purpose, from the point of view both of dynamical capa- 
bihty and of heating. Finally when this has been settled, the 
performance of the train under the actual conditions, and the 
appropriate mode of operation should be investigated by the 
analytical method. The information so obtained forms a sure 
basis on which to found an estimate of the expense involved 
in electrification, and a judgment of the advantages to be 
expected from it. Although considerable labour must be 
expended in deriving the information it is repaid by the 
economies that naturally result from certain knowledge. 


CHAPTER X 
POWER SUPPLY 

Factors which Determine Power Requirements. — In 

the two preceding chapters, methods for determining the 
performance of individual trains have been discussed in con- 
siderable detail ; and it has also been shown that the position 
of the train, with its power consumption at any time, can be 
deduced with substantial accuracy from the motor character- 
istics, and the particulars of the train and service. This work 
is of the greatest importance ; for it ascertains exactly what 
is to be expected of particular trains under normal circum- 
stances, or under such abnormal circumstances as it may be 
considered desirable to investigate. It moreover forms one of 
the elements necessary for the subsequent determination of the 
I equipment needed to supply the power to the trains, of the 

I load factor, of the total energy required to operate the service, 

and of the consequent cost of operation. The other element 
involved is the distribution of the trains on the railway at all 
times, and is expressed by a time-table of the service. The 
two elements are interconnected through the train-character- 
istics, and together form the complete expression of the traffic, 
from the engineer’s point of view. 

The Graphical Time-table. — The time-table, devised to 
conform with the normal performance of the individual trains 
on the actual route, is usually in the first place laid out graphic- 
\ ally. It consists of approximate distance-time curves for all 

trains, using the section under consideration (see fig. 178). In 
the preparation of a graphical time-table for the service on an 
existing railway, the times of the various trains have to be 
adjusted to suit the physical limitations of the route ; so that, 
for instance, the faster moving traffic may overtake the slower 
( only where the necessary tracks are available to permit it to 
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paBB. Where* ho radical a cthangi^ of im»tlKidH m iiitrodiiccd m 
that from Btoam to electrical working, it in iiitt4irid thiit c*hiiiige 
in the conditions of the route in Homtiillic^H lichiriibli*. This in 
matter for the conei deration of the* eleetrieii! eiiginofa*, liiiil for 
discuBsion with the dc^parirncait-H intc*reBted : as alno ilie 
arrangement of the trallic^ bo uh to nuit flu* jieenliiiritirB of 
elecjtrical w^orking and take* advantage of ifn Htrongi^Ht feJiiiireg. 
The graphical tinueta-hle an finally d.eeidiiHk h from tip* premmi 
point of view priiicipally of intc^rest an nfiowing tJie fri*i.jiif»fic»y 
of Borvice and normal location of all Hcheduleii traiis-H at nil 
times. When? the traiiiH run at heiiHihly equii! tipcecL m in 
often the case on lincH emph^yed enfiri*ly for }^iilHniian triiilie, 
the preparation of a timi*4ahh* in nid iiltlpiugh triiiiiH 

may he frec|U(‘nt. It is wluTt* frainn run irregtiliniy iiiid at 
diflenait specalH on thi* Haine liiH‘H that (‘oiiBidfralile adjuBiriieiit 
in ne(H»HHary in the tiineduhle. in order to heenre the seiwiee 
which, in view of the physieul limilatioii of tin* niilwiiy, pne 
mincH th(^ great.t‘Ht meanure of arivantiige, F«.>r !}ie jireM*iit 
purpOHc it is denirahle to prepare two tiiiie4#iliieH, one in 
corrcBpond with the heavii'Ht vx fieetial , eotilriiijiliilerl , or 
poBHible Hervku*— for tm* in det,i*riiiining the itriidiiitl of pliiiil 
rcquircal,-— -and the idlaw to (*orreB}Kiiif! %rilfi tlie i*%jieeted 
avoragt* nerviee- for nne in <let«*rinining I lie expiaini* of 
tion of th(^ {>lnnt. 

Determination of Substation und Difiiribiition Sys- 
tems.- The layout cif the ■hulmtatioii and ilii^trihtitioti .NyBti'*itii4 
in in genera.1 a subji'et for the exerrine of am! itie 

comparison of the various praeliealiit* arrangi'iiPiits Iroiii all 
points of vie-w. nithi.T than a niiittf‘r to lie I'efllnl by drfiiiiti* 
rules. 'Fhe problem of devining tfi«* iiiohI wilisfitrlory M*tii*iiie 
is that of determining the most ecamoniiriib hiiiijrct fti certain 
limitations on the allowalile voltage ilrop in tfie tnieh coin 
ductors. If the distance beiwt*en siibslalioiiH in iinifli* tiiidtiiy 
greart, the ciisirilmtion eoiid tie? tors reqiiiretl In give n eertiiiii 
voltage drop with the given mm^kv of truing lieeoiiie Iieiivy 
and ejcjK3n«ive. In fimt, where a rail ret tint is employeiL ii 
sudden and considerable increaiw^ in expensi* iu*f‘riie« wlirii fJit't 
distance which gives limiting voiiage drop in I lie tiiiiifisislefl 
rails is exceeded. On the other hiind^ iiiirrease in the dislnnee 
betwe^en subststiom improves their iiidividiiiil loud ffietow iiiid 
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efficiencies, reducing the total plant in service as well as the 
standby plant, and raaking it somewhat cheaper to instal and 
to operate. With plant and arrangements of given type, 
accordingly, there is a certain spacing of substations which 
yields the most economical results for a certain route and 
traffic. 

The voltage drop that may be allowed in hne conductors 
depends on considerations of energy loss, of satisfactory 
acceleration, and — ^in the case of passenger trains — of train 
lighting. The permissible voltage drop in the track rails is 
principally governed by considerations of the possibility of 
interference with neighbouring communication circuits, and 
of electrolytic corrosion in pipes and other buried metal work. 
The permissible drop need not be the same throughout a 
system ; in fact, the dictates of economy usually require 
greater drop on unimportant branch lines than on lines of 
heavier traffic, and greater drop on goods lines than on passen- 
ger lines. In systems of operation employing unattended 
substations, it is advisable to work with smaller drop in the 
distribution lines than in systems in which attendants are 
available to restore power if the automatic switches should 
cut it off from any cause ; for in the former it is expedient to 
allow for the possibihty of substations being out of operation 
for more or less extended periods. The varying circumstances 
of actual operation sometimes concur in producing a voltage 
drop much in excess of anticipation based on scheduled traffic, 
but it is not usually necessary to take account of such abnormal 
events except from the point of view of the ability of the sub- 
station plant to stand the load without harm. 

Distance Apart of Substations. — In order to make a 
start on the determination of the most suitable number and 
location of substations, the average current taken per mile of 
route should be computed for different parts of the system, 
from the average current per train and the density of the 
trains. From this, the voltage drop in line conductors should 
be determined, assuming such conductors and feeders as would 
be considered normal for the system of operation used. For 
a continuous current system, let C be the average current and 
R the resistance of line conductors and feeders, both reckoned 
per mile of route ; let 2y be the distance between substations 
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intrii'ati* in tin* c^ase of the Hinglf*-jdiaHe alieriiiitiiig eiirrerii 
Hyst4*m. Kcjimtion I lam-ever ntill holds for the volliige ilrop 
in phase* with the eiirrent, and eepiiitioii 2 tlaa'ofurr liiiiTiitiises 
the^ Kpacing feir given eiif*rgy loss. 1his A iiffimlly fill fluif, Is 
re,‘quired at^ tliis stage ; but if the Inin! voltage tlrnp is dt*sirefi, 
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the* normally |a*rmiisible drop ill the part of the sysleitt enio 
siderech the relation ladweam the apaiTiiig of niilintiitioiis iiiiel 
the rewataiiee of line eondiietnrii given by eijiiiitiofi 2 will i» 
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general be found a good first approximation, to the result of 
the more accurate survey, which should in any event be under- 
taken later. In the case of the continuous current system, 
the calculation should be performed for the combined positive 
and negative hne conductors ; and again for the track return, 
if this is used, in order to determine which tends to limit the 
substation spacing. For the alternating current system the 
voltage drop in the track return has no definite significance : 
moreover, little of the current is carried by the track. 

Termikal Substations. — The distance that a terminal sub- 
station can be permitted to feed in the direction of the dead 
end is less than a half of the normal distance between adjacent 
substations. It is clear that if the current collection were 
distributed uniformly along the route, as assumed above, the 
voltage drop at the end of the line would be the same as midway 
between substations if the distance to the end were a half of 
the distance between substations. If, however, a single train 
were taking current midway between substations, half the 
current would traverse half the distance, and thus the voltage 
drop would be the same as that in a train taking the same total 
current at a quarter of the distance between substations 
towards a dead end. The appropriate distance of a sub- 
station from a terminal is accordingly between a quarter and 
a half of the distance between adjacent substations, the pro- 
portion being greater the nearer the distribution of load along 
the track approaches to uniformity ; it being borne in mind, 
however, that the terminal is necessarily a starting place where 
heavy currents are taken. 

Amount and Cost of Plant. — ^When the appropriate 
substation spacing at different parts of the system has been 
provisionally determined, to correspond with certain line 
conductors, it is desirable to form an idea of the nature and 
amount of substation plant required, and to make a first 
estimate of its cost, with that of the hne conductors. The 
approximate operating and maintenance costs should also be 
determined, together with the value of wasted energy, and the 
interest on first cost. This should be repeated for other cross 
sections of fine conductors, and the aimual expenses compared, 
in order that the spacing finally chosen may approximate to 
the most economical. 
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I'lCtng paid to the important conHideriilions JiimI liientioncd. 
Wlum this has been thaic. a more ilef ailed ^nr\'ey *»f t!ie voltage 
drop in tin* line <‘omlnc!ors sheathl la* inidi*r1 akiai. tfie griipliicnl 
timcotalde and oth(‘r <‘ireunistan«,’i's *4” the Iritlhr lieiiig vrrv 
earefully studicah with a view of liiidiiig the ttor.^4 roinlitioiis 
likc‘ly to arise in normal operation. In tlii-N: iiivcs^^tigalioin 
special consideration shnnld he given to plnecM. lifien* a lieiivv 
draught of <‘mT(‘nt is t(» hc‘ expeti.cd, sitefi as raihi ay slut ions, 
ami gradients against wliich heavy I ruins may he reijiiireil tn 
o|H‘ra.,t(S Hiid future rleveloptmuils slioidd hi* k«*jil well in miriil 
and allowed for as far as jjraef ienlilr, for the hiyoiif of the 
Hulmtation system is not a thing that I'an rendily lie rliiiiigeil 
at a later date. Having I hereforiMieleriiiined Ihi- drop in the 
aKsunHsl liiH* eondui'tors under f'omhtiitiH of prolialile iiperii* 
lion, with the suhstiitions fhiiH provisionally loratr'd. the ske 
of eonduetors and the loealioii i»f the slioiild 

he further adjusti*d in aetamlanee with tin* iriforiiiiitioii so 
ohtaincah and the use of additional fei*ftf*r*^ and Irnekairiiiiiiitg 
hoosters eonsiden*d, until tin* whole di»4.riliiilioii iind siilc' 
station system proiniHes the greatest iiieasiire of siilisfiielinii 
having regard to operation, to in ve»^f merit* to iiiiiiiiiii t*x- 
pc*nsf\ mid to proha hie ehanges or e.'^iteir^iorts, I )ii ii sysleiti 
with many ramifieations, it is foiiitil itiijiriiriiritlile in 

pn.*Vf*nt suhstations c’rowfling one iitiotiii*r sfiiiiewdinl iil eertiiiii 
pinches, hnt with care lh«* layout eari iisiiiilly lie iirriiiigeii nm tlittt 
thi*re is no vc*ry grrait loss in ecairiotiiy from lliis eittw* 

Superposition of Substation Losicis. In coin jutting tint 
load of a siibstatioru the princifile of siija-rjai^ilifUi iijiplie* 
able; each triiiri iniiy la* nssniiierl to divide ihi loud fadaveett 
sulmtiitioiis as if no other triiiiis weri* tiding Ihv ili^driliiitioii 
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system. In fig. 179 let P and Q be substations supplying 
power at voltages V and V' ; and let A and B be trains taking 
currents c and d respectively. Let the resistance of the 
distribution system between P and Q be R, between A and 
Q, r, and between B and Q,r\ and let the currents in the sections 
of line PA, AB, BQ be Ci, Ca and respectively. The voltage 

R 

^ ^ 

H Lzrzj !] 

A B Q 

Fig. 179. — Substation Load Calculation. 



at A is V (R — r)Ci, at B, V — (R — t)Ci — (r — r')Co, and 
at Q : 


V' = V — (R — r)Ci — (r — r')c^ — r'cs 
= V — Rci + ~ C 2 ) + r'(c 2 — C 3 ) 

= V — Rci + r'c' 


V -~V' r r' , 
~W- + R "+R " 


( 3 ) 


The first term on the right-hand side of equation 3 is the 
circulating current, due to the difference in voltage of supply 
at the substations. The second term is the load due to the 
train at A, computed as if no other load were present ; and 
the third term is the load due to the train at B, similarly 
computed. The equation shows that the substation load is 
the sum of these partial loads ; and this is true in general. 

Calculation of Actual Substation Loads. — In the pre- 
ceding chapter is shown how the position of a train and the 
power it takes at any time can be computed from the data of 
the train and its equipment. With a known distribution 
system, the ratio r/R may be supposed known at every point 
of the route. Thus the curve of substation load and time for 
a single train can be deduced, for any substation, from the 
power-time curve of the train, by multiplying the ordinate at 
each point by the appropriate value of r/R. The sum of the 
ordinates so obtained for all trains taking power from a par- 
ticular substation gives the load curve of the substation. 
Figs. 180 and 181 show respectively, in broken lines, power- 
time curves of a train in each direction on a route between 
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substations P and R, and in full lines the load on the inter- 
mediate substation Q. Fig. 182 shows a load curve for the 
substation Q corresponding to a five-minute service of trains 
in each direction. The task of deducing such curves as fig. 182 
for the whole day and for all substations is a tedious one ; but 
when train characteristics, substation layout and distribution 



Tig. 182 . — Substation Load Curve. 


system have been provisionally determined, the work is q[uite 
straightforward, and presents no features of difficulty. 

Determination of Substation Plant. — ^When the location 
of the substations and the appropriate distribution lines have 
been finally settled, the precise capacity and nature of suitable 
substation plant may be determined. For this purpose an 
estimate of the load curve of each substation should be made 
by methods indicated above. It is usually sufficient in the 
first place to treat the trains as each taking their mean current 
throughout ; and having determined the general shape of the 
load curve in accordance with this assumption, to pick out for 
more detailed consideration the portions of the curve likely to 
affect the choice of plant. The shape of the substation load 
curve depends on the system of operation used, particularly 
as affecting the length of route supplied from the substation. 
With a high potential system, in which each substation supplies 
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power for a large amount of traffic, the load curve may be but 
little more irregular than that of the generating station. On 
the other hand, where a substation provides for a compara- 
tively small fraction of the whole traffic, its load curve is likely 
to be exceedingly irregular, particularly at times of light 
traffic, when, between the peaks of power due to one or two 
trains, there may be more or less extended intervals of no load 
whatever. The load factor of such a substation may easily 
be less than 20 per cent. 

The determination of the most suitable substation plant, 
besides depending on electrical conditions, as shown in chapter 
VI, depends also on the nature of the traffic. Passenger traffic 
for instance is substantially regular from day to day, and, in 
attended substations, extra plant is brought into operation in 
time to meet the needs of the diurnal peaks of loads. Goods 
traffic on the other hand is likely to be much more irregular, 
and to require a greater surplus of plant capacity to be kept 
in operation continuously. Where it is practicable to vary the 
amount of substation machinery in operation to accord with 
the variation of the load, it is desirable to plot the detailed load 
curves of the several substations for a normal time of light 
traffic. The result of this investigation has considerable 
influence in the determination of the most suitable capacity 
for the substation units ; for the momentary overload capacity 
of the machinery is likely to be more severely taxed at times of 
comparatively light traffic when few units are in operation 
than at time of heavy traffic when the accelerating peaks form 
a smaller proportion of the load. The height of the load curve 
during the period of heaviest traffic determines the number of 
units necessary in each substation ; but since these periods do 
not usually last for more than one or two hours at most, the 
capacity required in the plant may, where the limitations of 
commercial design permit, be met in part by overload capacity 
in the units ; thus the average peak load may without 
detriment be greater than the plant in operation would bear 
continuously with a conservative temperature rise. 

In general, the capacity of the substation plant should be 
based on immediate or contemplated requirements, but 
buildings may with advantage be constructed with a view to 
more problematical future developments, to be met by the 
installation of further plant as occasion arises. The determin- 
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ation of the substation plant required under certain circum- 
stances is largely a matter for the exercise of judgment, on 
which divergent opinions may be held. The following rule 
may however serve as a general guide in determining the 
amount of plant : Assuming the nature of the machinery to 
be such as to stand short period overloads of 200 per cent, 
without detriment, determine the highest peak that the 
contemplated traffic would justify, and take this as 75 to 100 
per cent, overload on the running plant ; thus leaving a further 
100 per cent, of the rated capacity at least, exclusive of standby 
plant, in order to meet emergencies. It is expedient to be 
hberal in the provision of plant, with respect both to capacity 
and to number of units ; for circumstances of practical opera- 
tion sometimes combine very adversely to call for greater 
power than normal operation would indicate. The number 
of different sizes and types of unit should for economy be made 
as small as possible, and it is generally more economical to 
use a few units of large capacity than many units of small 
capacity. All units in a substation should preferably be of 
the same capacity, and at least one extra unit should be 
provided therein to act as standby in case part of the plant is 
inoperative from any cause. Since the load factor of a sub- 
station is generally much poorer than that of the generating 
station, the total capacity of the substation plant is usually 
greater than that of the generating plant ; although, since it 
is practicable to make the overload capacity of the units much 
greater than that of generating units, the excess is less than 
might be expected. The excess of rated capacity may amount 
to some 50 or 60 per cent., but these figures really convey little 
information, since, as indicated above, they are involved with 
the kinds of machinery used and the method of rating. 

Inasmuch as the substation and distribution systems are 
features of comparative permanence in the electrification 
scheme, it is labour well spent to investigate the various 
possibilities in considerable detail, in order to secure the 
greatest measure of efficiency on economical terms. Not only 
should the substations be located with great care, to secure 
satisfactory distribution, and the substation plant chosen to 
suit the requirements of the load ; but the relative economy 
of using machinery of higher or lower efficiency should be 
considered. It will usually be found that the extra cost of 
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Hccuring reaHonably high opcTativa c*f!ici<aic*y will lia ri*jtaici in 
the saving of energy resnlting frnni the rc*chietic)ii in the loHsei^, 

Site of Generating Station.- The* most suifnlile fnr m 

generating station is often cl(*t(‘niiine(l by iialiinil ruiiiIilioiiH, 
for the (‘conomic advantage aeeruing from favotiralile c‘oii- 
ditions is tinually nvueh greatiT i-han ean resnlt from sf*li*ciioii 
basc^d on the distribution (if the load. This in oin tfnudy ho in 
the e.ase of water-powa^r stations, wliiisc* loc^atioii is preHcaibed 
within narrow limits ; but, evem in the vim* of steiiiii-power 
stations, the advantagCB of a phmtiful supjil}* of eniideiiHing 
water and good facilities for obtaining fuel will be foiind to 
outweigli the (lisadvantag(*s of a eonsider^ilile length of fntiis- 
mission line. All avuilabh* should therefore be eoiiHideri*d 
in (shoosing tlu^ most siutabk* h»eatimi. When* n site is remote 
from the centn* <)f the Htibstati<m syHf«*iin it is iidvisiible to 
eonsidcu’ transmission to one or more «ti'> 4 ributiiig stiifiniis : 
and th(*nc(*~UHually with r«*dueti(a'i (^f pre>.^ure to flu.* severiil 
Hubstations. Tlie distributing c*eii 1 res ean often be lrirat(*fl af. 
Hubstatifins with advantage*, hut the fdijedirfri fti bringing %-‘ery 
high tension triinHinission lines into huge Iowiih iimj ijn^ 1*11^1. 
of a right of way few them in such lof'iiiitk^s is often flu* iltief'- 
mining factor in their l(K*ation. It- is in iiec'cirdiiiiee %vif !i gooil 
practice to run the transmission lifi(»s in diiplif'i-ile to eiieh 
su})station as a prt^eaution agaiiiHi staiotts breiikih-oiie and 
wliera the* gc^iuTating station is c*onsideriibIy reiiiri%‘e-d froiu the 
substation system, a saving botti in eost of tnifiHiiiission 
and in energy loss is likc*!y to necniie if tlif* energy in 
transmittc'd at. high pressuiH* t(i a more eeittra! fioiiil. 

PiiEFEiuiEn Lca’ATioK.— W!ic*re several eeiitru! siles are 
available for tlie Icjeation of agem^niiingstiitioii or distiilitilirig 
statiom tlH*re is a general iinpreHsifiii lliat, from f|ii» jifiiiit of 
view of annual eost of tninsmisHioii, ineliidiiig iiil-eri'st tm the 
exiamditure mi lim*s, the site nearest to Ibe eenfre of gravity 
of the load is t lie most- ndviuitiigeous. Tliii! t liis is an erroiiefais 
ifiijiresKion can be sttm from t he eonsideriition thiit if theri' are 
two substations only, the smiillest eoiii of 
and the smallest energy loss will el(*iirly fireriie if flu* gefierntiiig 
station is located at the largctr of the two. If r/ hi? the riLtiinee 
of a substiitioii from tlio power steitioti, and a the eronv Heel inn 
of copj>er ill the transmission lines, the itimiiitl vfiliii* fd eiipitiil 
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expenditiire and maintenance in so far as it varies may be 
taken as proportional to ad, and the annual value of the losses 

to ~ where is the mean square value of the current. 
a 

Accordingly from the point of view of economy in the trans- 
mission system, a quantity of the form : 

S. = pZad + qS-C^ . . . (4) 

a 

should be made a minimum, the summation being extended 
to all substations. Hence, varying a : 



or the cross section should be chosen proportional to the 
current whatever the distance of the substation. This in its 
present application implies that the cross section of the lines 
to any substation should be made proportional to the antici- 
pated ultimate capacity of the substation. If this condition 
is satisfied, X is proportional to ZdG. Here cZ is a function of 
two independent variables, and if 6 be the angle- which the 
line joining power station to substation makes with any fixed 
direction, the first conditions to be satisfied in order to 
make X a minimum are : 

ZG cos 0=0 and ZC sin 0 = 0 . . (6) 

Thus with two substations : 

Cl cos 01+ C 2 cos 02=0 and Ci sin 0i + C 2 sin 02 = 0 (7) 

If Cl = C 2 these are satisfied by making 02 == 0i + n, and all 
points on the line joining the substations are equally favourable 
locations for the power station. If, however, Ci and Co are 
different, the equations 7 are inconsistent ; which may be 
interpreted that the power station should be at a substation, 
or that one of the angles is indefinite. The conditions of 
maximum economy show that the chosen substation should be 
the greater, as is otherwise evident. Where any number of 
substations are ranged along an extended hne, which forms 
the right of way for the transmission hne, the most favourable 
location for the power station, from the point of view of 
transmission, is that which divides the substation capacity 
equally on the two sides of it, whatever the distance of the 
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several substations apart ; the location so determined will 
usually be at a substation. The conclusion is true even if the 
hne of substations is branched. Thus if the substation system 
for a railway is as shown in fig. 183, the figures by the several 
substations representing their relative capacities, the most 
economical transmission results from locating the power 
station at the substation marked PH. 



A case of some interest is that in which there are three sub- 
stations and unrestricted wayleaves in all directions. If it is 
found possible to draw a triangle with sides proportional to their 
capacities, and also possible to determine a point at which the 
hne joining any two substations subtends an angle equal to the 
external angle between the corresponding sides of this triangle, 
the point so determined is the most favourable location for the 
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Location of Generating Station. 


power station from the point of view of the transmission 
system. If however the capacity of one of the substations is 
equal to or greater than the sum of the other two, the greatest 
substation is the most favourable location ; whilst if any of 
the segments of circles which contain the external angles 
mentioned above contains also the third substation, the con- 
struction becomes impossible, and this substation is the most 
favourable location. For instance, if the loads are in the ratio 
1 : V3 : 2, the external angles are 90°, 120° and 150° ; thus 
in fig. 184 the most favourable location for a power station is 
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at PH, whilst in fig. 185 it is at the substation of capacity V 3. 
With four substations of equal capacity placed so that it is 
possible to join them together by lines which form a convex 
quadrilateral, it is clear that the intersection of the diagonals 
is the most favourable location for the power station. More 
general cases might be analysed with increasing complexity, 
but as already explained, other considerations than expense 
incidental to the transmission system have the preponderating 
influence in determining the site of the power station, and 
general analysis is not justified by its value, particularly as the 
assumption of unrestricted right of way for the transmission 
lines is not usually admissible. The discussion given above 
is intended rather to emphasize the fact that the centre of 
gravity of the load is not the most economical location for the 
power station, even from the sole point of view of transmission 
expense, and that all available sites should therefore be con- 
sidered, inasmuch as the expense of transmission is seldom the 
controlling factor in the determination. 

Efficiency of Transmission, Conversion and Distri- 
bution. — ^The next step in the determination of the scheme is 
to estimate the average combined efficiency of the distribution 
system, substations and transmission lines, from train back to 
metering point, under the load conditions resulting from the 
traffic considered. There is usually little difficulty in deducing 
this with sufficient accuracy for the purpose of estimating the 
total energy consumption. The various efficiencies tend in a 
measure to compensate one another and lead to a combined 
efficiency more uniform than its constituents. For the lines 
are running at lowest efficiency at times of heavy traffic, when 
the substations are well loaded and therefore operate at high 
efficiency, and vice versa. Representative figures for the 
average efficiency of the several elements which are interposed 
between the prime movers and train wheels are given in the 
table 16, as compiled by Mr. C. E. Eveleth.* The table is 
based on American experience, and is for the most part esti- 
mated to accord with the circumstances of specific roads. It 
will be seen that not all classes of service are represented, and 
in fact the table is practically confined to such as it is expedient 
to work by the various systems. Mr. Eveleth’s comments con- 
cerning the several services are given on page 381. 

* General Electric Bcview, vol. 16, p. 812, 
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Systems 1 to 4 inclusive cover direct current installations with geared and 
gearless motors. Frequencies of 25 and 60 cycles are assumed, as either may 
be most desirable depending upon the location of the project under con- 
sideration. Generally in the eastern part of the United States either frequency 
may be considered, but in the West there is practically nothing but 60 cycles, 
and ordinarily power would be purchased at this frequency, or at least pro- 
vision would be made to connect with a 60 cycle power system in case of 
emergency. By the use of 60 cycle rotary converters instead of motor- 
generator sets for systems 3 and 4 their efficiencies would be identical with 
systems 1 and 2, or vice versa. System 1 is in a general way similar to the 
New York Central and system 4 similar to the Butte, Anaconda & Pacific 
installation. 

Systems 5 and 6 contemplate the use of 25 cycle, three-phase motors on the 
locomotives. System 5 is similar to that used in the electrification of the 
Cascade Tunnel of the Great Northern Railroad. 

Systems 7 to 9 inclusive, designated as “split-phase,” contemplate the use 
of 25 cycle polyphase induction motors on the locomotives, taking power 
through transformers and a phase converter from a single-phase trolley. 
The secondary transmission here considered is deemed desirable on account 
of^ the higher cost of stepping down directly from the high tension trans- 
mission line to the trolley with substation spacing of ten miles or less, such 
as has been found necessary to mitigate telephone and telegraph disturbances. 
Items 11 and 13 might be eliminated, increasing the combined efficiency 
from 49 to 52 and from 46 to 49. (Systems 7 and 8.) 

System 8 is identical with 7 with the exception of the mechanical structure 
of the locomotive, the latter having side rods and gears and the former having 
gears only. 

Systems 10 to 12 contemplate the use of 25 cycle compensated commutator 
single-phase motors on the locomotives, taking single-phase power from the 
trolley through the requisite step-down transformers. 

System 11, which has distribution connections similar to the New York, 
New Haven <& Hartford Railroad, has a limited application on accoimt of 
the moderate distance over which power can be transmitted, particularly if 
applied to single track lines. It therefore necessitates power houses at no 
great distance apart. 

Item 19, called “ tractive equalizer,” is a value inserted to represent the 
necessary average loss due to provision on each locomotive equipped with 
induction motors to permit the operation of locomotives in the same trains 
which have different diameters of driving wheels. The inherent character- 
istics of induction motors are such that 2 or 3 per cent, difference in speed 
j makes the difference between full tractive effort and no tractive effort. 

Locomotives with same diameter of driving wheels will divide the load 
properly, but as the wheels on some locomotives are decreased in diameter, 
due to wear, these locomotives will not take their share of the load if coupled 
with machines having full-sized wheels. To equalize the load this necessitates 
1 the insertion of an artificial resistance or other provision for adjustment of 

the motor slip to obtain identical characteristics for motors in locomotives 
with different diameters of driving wheels. If 6 per cent, variation were 
allowed between new wheels and old, the loss due to equalization of draw 
bar pull would be about 6 per cent, in the locomotive with new wheels adjusted 
to divide the load properly with a locomotive having worn wheels ; the latter 
not having any artificial loss, as its adjusting resistance would be all cut out. 
The average loss for conditions where locomotives with old and new wheels 
are operated miscellaneously is estimated to average 3 per cent, due to the 
tractive equalizers. 

Item 21, called “weight efficiency,” is a value inserted to equalize 
the difference in average train weight due to difference in weight of the 
locomotives. 
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The table has been carried from prime movers to locomotive 
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wheels, for all intennefliale (‘leeunits havc^ their ell’et*!?^ on 
working costs. Jt is here assunual howevea* that the .speeia! 
features of tlic power station on the* <»ne Imiitl aial of the train 
equi])ments on tint other, an* taken into at-eount (*lsf*\vliere, so 
that for the present purpose the* ('(unhined eflk*ieiiry reipiin*d 
is tliat of transnussion lines, suhstati<jns and flistrilnition lines 
only; that is, the eoinliination of it(*ins 4 to II inehisivt*. 
This efficieiK^y has be(‘n ad<lc*(l to th(* taldc*. 

Efficiency of the Rotary (Converter Substiitioii. Tlw 
rotary conv(‘rt(*r substation merits partienlar attentioti. for, 



Fhj. IHC. Kniei<*n<*y of Itofjiry rail its fiinrfion «4 Lmul Fiirtfir. 

being that usually (*niployed in eonneelion with Htibiirbafi 
clectri(! railways, it is at onee thi* eoimnoneHt and best known 



Fia. 1B7.— Kifieimoy of Hritnry wn<l Tmiwforiiier nn fiiiirfiriri of Loiiii 

form. Fig. IBCI gives a reprc^Heriiiitive eiirvt* of llie itvtniige 
overall efficiency of rotary eon%a*rt.er units, expressed ns ii 
function of the load factor. The curve Iiiw been lifiHccI iUi 
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typical modern plant, the transmission voltage being of the 
order of 20,000 volts and the distribution voltage 600 to 1,000 
volts. Fig. 187 shows the efficiency of the unit as a function 
of the load. The frequency was actually taken at 25 cycles, 
but the substation efficiency does not change greatly with 
frequency, the rotary and transformer efficiencies varying in 
opposite directions and having a sensibly constant product. 
However, the all-day efficiency is not properly a function of 
the load factor alone, depending on the shape of the whole 
load curve. On this account fig. 186 has greater value as 
representative of its class than as data. 

The Generating Station Load -Curve. — In computing the 
output of energy from the generating station, for the purpose 
of estimating its cost, or of determining the plant necessary 
for its generation, there is usually a factor of uncertainty to 
be introduced to take account of inefficient driving, signal 
checks, station delays, unscheduled running, etc. Accordingly 
a representative figure for the efficiency from generating 
station busbars to train under the conditions actually existing 
is usually sufficiently accurate for the purpose of the estimate 
in question. The average power input to the several trains 
having been determined, by methods given in the last two 
chapters, a suitable allowance should be made for the un- 
certainty referred to, and the result divided by the estimated 
efficiency between train and generating station busbars. The 
result is the power requirement of the trains. From the power 
requirement so estimated, and the time-table of the service, 
the load curve of the generating station can be determined 
without difficulty, by the addition of the loads of the several 
trains. The work may conveniently be carried out in the 
following manner : Let tables be prepared for the several 
services giving in one column the times of commencing jour- 
neys, in a second, the times of finishing, and in a third, the 
mean power requirement of the train ; let another table be 
prepared, in the first column of which all the times given in 
all other tables are given in order of their occurrence, in the 
second column should be given the corresponding power, with 
a positive sign if the tin^e is that of commencement and a 
negative sign if that of finish of a journey ; in the third column 
the algebraic sum of the power given in the second should be 
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formed for eacJi time, by successive addition ; this gives the 
load to be plotted against the time given in the first column. 
Tables 17 and 18 give the first few lines of such tables, corre- 
sponding to the time-table of fig. 178, the complete load curve 
being shown in fig. 188. 


TABLE 17 


Principal Services. 

Other Service. 

Up. 

Down. 

Up and Down. 

a. in. 

kw. 

a.m. 

kw. 

a.m. 

kw. 

5.15 

5.28 

400 

5.13 

5.48 

400 

4.25 

4.52 

400 

6.6 

6.19 

400 

6.10 

6.22 

400 

— 

— 

— 

6.36 

6.49 

400 

6.13 

6.48 

400 

— 

— 


6.51 

7.4 

400 

5.50 

6.2 

400 

— 

— 


6.10 

6.43 

400 

6.43 

7.18 

400 

6.25 

6.54 

200 

6.20 

7.19 

400 

6.58 

7.33 

400 

6.27 

6.56 

200 

7.21 

7.37 

400 

6.50 

7.48 

400 

— 

— 

— 

6.35 

7.8 

400 

7.5 

7.17 

400 

— 



6.50 

7.49 

400 

7.28 

8.3 

400 ' 

— 


— 

7.5 

7.38 

400 

8.9 

8.15 

400 

— 

— 

— 

7.51 

8.7 

400 

7.20 

8.18 

! 400 

— 

— 

— 

7.20 

8.19 

400 

7.35 

7.47 

400 

7.25 

j 7.54 , 

200 

7.35 

8.8 

400 

7.58 

8.33 

400 

7.27 

7.56 1 

200 

8.21 

8.37 

400 

7.50 

8.48 i 

1 

i 400 

1 

7.39 

8.6 ' 

400 


TABLE 18 


Time 

a.m. 

Increment 

Load. 

Load. 

1 i 

Time | 

a.m. 

i 

Increment 

Load. 

Load. 

4.25 

+ 400 

400 

6.6 

+ 400 

400 

4.52 

- 400 

0 

6.10 

+ 800 

1,200 

5.13 

4- 400 

400 

1 6.13 

-(- 400 

1,600 

5.15 

+ 400 

800 

1 6.19 

‘ — 400 

1,200 

5.28 

- 400 

400 

! 6.20 

i -f 400 

1,600 

5.48 

— 400 

0 

1 6.22 

— 400 

1,200 

5.50 

•+■ 400 

400 

i 6.25 

4- 200 

1,400 

6.2 

— 400 

0 

6.27 

4- 200 

1,600 
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Determination of Generating Plant. — The mean load 
curve so obtained is of very great value in the determination of 
the most suitable generating plant for the work, and also has 
a large influence on generating costs. In fact, in a scheme of 
electrification involving numerous trains, it is generally hardly 
necessary in a first estimate to look beyond the mean curve, 
provided the plant has reasonable overload capacity ; it is 
only where the scheme is a restricted one, or where some 
special condition, such as a long steep gradient, exists, or 
where the generating plant is not of a nature to stand over- 
loading, that the variation from the mean load curve becomes 
of special importance. In order to make a final determination 
of the number and capacity of generating units best suited to 
the needs of the case, however, it is usually advisable to make 
an estimate of the greatest peaks of power likely to be experi- 
enced at a normal time of heavy load, and also to make a 
similar estimate for a normal period of light load. In the case 
of steam turbo-generators capable of standing considerable 
overload for short periods, the greatest anticipated peaks 
during the light load period should hardly exceed the rating 
of the units in service. During the heavy load period, the 
highest estimated peaks may be permitted to overload the 
running plant to the extent of 33 per cent., or even more in 
suitable circumstances, provided the duration and value of the 
mean load are not such as would lead to deleterious heating 
in the generators. Water power plant is not generally designed 
to allow such overloading, and it is not usually desirable to 
estimate on the normal railway peaks exceeding the rated 
capacity of the running plant. The same is true also of gas- 
driven plant, which is usually rated near to its ultimate 
capacity. 

The plant capacity req[uired during the normal period of 
light load indicates the smallest size of unit that it is advisable 
to instal, for it is generally economical to employ units of large 
capacity and similar to one another ; the peak load then indi- 
cates the number of running units that must be provided. 
One or two units should be installed in excess of the req[uire- 
ments, indicated by the load curve, to act as standby for use 
in case of emergency ; it is usually expedient also to provide 
floor space for additional units, to be installed as traffic 
develops. 
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Generating Costs and Load Factor. — The shape of the 
load curve by its influence on the amount of machinery 
required to be held in running order as compared with the 
average amount actually running, has considerable effect on 
the cost of energy generation. The load factor, which may 
be taken as the ratio of the mean of the maximum ordinate in 
fig. 188, affects not only capital charges, but also the efficiency 
of the operating staff, and to a somewhat smaller extent the 
amount of coal and other supplies used. Whilst therefore it 
is proper and expedient to base an estimate of generating cost 
on results obtained from the operation of other similar under- 
takings, the effect of difference in load factor should be taken 
into account as well as the effects of difference in wages and 
cost of supplies. 
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Table of Locomotive Statistics 





1 


390 RAILWAY ELECTRIC TRACTION 


Railway 

Baltimore and 
Ohio. Baltimore 
Belt-line Tunnel 

Grand Trunk 

St. Clair 
River Tunnel 



Aroostook Valley 

Locomotives : 




Installed 

1903 

1908 

1912 

Number 

2 

6 

1 

Service 

Goods 

Mixed 

Goods 

Type and Dimensions : 




Type, main frame . 

Two unit, 

Rigid frame 

Bogie truck. 

rigid frames 


rigid bolsters 

Wheel arrangement 

0-8-0 + 0-8-0 

0-6-0 

4-0-4 5 

No. driving axles . 

8 

3 

4 1 

Type of drive .... 

Individual, 

Individual, 

Individual, 

geared 

geared 

geared 

Total wheel base . 

43 ft. 7 in. 

16 ft. 0 in. 

22 ft. 4 in. 

Rigid wheel base . 

14 ft. 7 in. 

16 ft. 0 in. 

6 ft. 10 in. 

Diam. driving wheels . 

42 in. 

62 in. 

36 in. ■ 

Diam. running wheels 

— 

— 

— 1 

Length over buffers, or 




between knuckles 

68 ft. 7J in. 

29 ft. 5J in. 

31 ft. 1 in. 

Cab 

Full length 
of each unit 

Over whole 
length 

Centre 

Width 

9 ft. 5 in. 

— 

9 ft. 6 in. 

Height 

13 ft. 8 in. 

— 

lift. 9 in. 

Weight, lbs. : 




Complete loco 

320,000 

132,000 

82,000 

On drivers 

320,000 

132,000 

82,000 

Electrical part .... 

95,000 

58,400 

28,600 ! 

Motor and gear 

— 

15,660 

4,700 

Power equipment : 




System 

c.c. 

S.P. 

C.C. 

Frequency, cycles . . . j 

— 

25 

— 

Line voltage .... 

625 

6,600 

1,200 

Motor voltage .... 

625 

235 

600 

No. of motors .... 

8 

3 

4 

Type 

G.E.-65-B 

W— 137 com- 
pensated series 

G.E.-206-A 

Rated load per motor, h.p. . 

200 

240 

100 

Rated speed, m.p.h. . 

8*6 

10*8 

14 

Gearing, type 

— 

Twin 

— 

Gear reduction .... 

81/19 

85/16 

65/17 

Control 

Electro- 

Electro- 

Electro- 


magnetic 

magnetic 

magnetic 


27 notches 

(storage 

battery) 

20 notches 

6 ser. 4 ser. 
par. notches 

Remarks and references 

— 

— 

— 
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Oregon Electric 

North Eastern 
Quayside Line, 
Newcastle-on- 
Tyne 

Metropolitan, 

London, 

Main Line 

Southern 

Pacific 

■ 

Chicago, Mil- 
waukee and 

St. Paul 

1912 

1904 

1907 

1911 

1916 

6 

2 

10 

15 

1 

Goods 

Shunting 

Passenger 

Goods 

Shunting ■ 

Bogie truck, 

Bogie truck, 

Bogie truck. 

Bogie truck 

Bogie truck j 

floating 

swinging and 

swinging and 


bolsters 

floating 

bolsters 

floating 

bolsters 



4-0-4 

4-0-4 i 

4-0-4 

4—0—4 

4r-0-4 

4 

4 ' 

4 

4 

4 iv ' 

Individual, 

Individual, | 

Individual, 

Individual. 

Individual, 1 

geared 

geared i 

geared 

geared 

geared t 

26 ft. 8 in. 

27 ft. 1 

24 ft. 6 in. 

25 ft. 

30 ft. 4 in. t : 

7 ft. 2 in. 

6 ft. 6 in. 

7 ft. 6 in. 

7 ft. 4 in. 

8 ft. ; ■ 

37 in. 

36 in. 

38 in. 

364 in. 

40 in. [ 

— 

— 

— 

— 

( , 

37 ft. 4 in. 

37 ft. 11 in. 

33 ft. 6 in. 

35 ft. 

41 ft. 5 in. 

Centre 

Centre 

Whole length 
of loco. 

Centre 

Centre 1 

9 ft. 6 in. 

8 ft. 8 in. 

8 ft. 7 in. 

— 

10 ft. 1 in. ) ; 

11 ft. 11 in. 

lift. 9 in. 

1 12 ft. 3J in. 

— 

14 ft. 3 in. ; N 

120,000 

125,000 

105,000 

120,000 

140,000 . ; 

120,000 

125,000 

105,000 

120,000 

140,000 • ^ 

36,000 

34,000 ! 

36,000 

44,200 

55,000 y 

6,200 

5,500 

6,200 

6,740 

7,200 h 

C.C. 

C.C. 

C.C. 

C.C. 

C.C. 

600 and 1,200 

550/600 

550 

600 & 1,500 

3,000 

600 

600/600 

560 

750 

1,500 

4 

4 

4 

4 I 

4 

G.E. 212 

G.E. 55 

2 turn 

G.E.69-B. 

W. 308-D. 3 

G.E. 255 ^ 

200 

90 

200 

225 

135 1 

15*8 

8*6 

19-5 

17-6 

12 ^ 

— 

— 

— 

— 

— . ' 

66/18 

59/18 

64/19 

67/16 

64/17 

Electro- 

Electro- 

Electro- 

Pneumatic 

Electro- » , 

magnetic 

magnetic 

magnetic 

Cam 

magnetic 

7 ser., 5 ser. 

6 ser., 4 par. 

5 ser., 4 par. 

19 notches 

' , 

par. notches 

notches 

notches. 


1 


See fig. 189, 

See fig. 190, 

i See fig. 191, 

See fig. 192, 


p. 392 

p. 392 

j p. 393 

1 

p. 393 


Ji 





Fici. li&ilwAy {Main lifi#! 





Railway 

Butta, Aiiiit’WfidfSi ■: 

and Fa«fifh*. * 

; fllrlrntt liirt’r 

TiiiiiiUl 

Climl Ktitihmn 
Tufia^l 

LocomotiveB : 




InstallcMl .... 

MU 3 


lililll 

Number .... 

m 

II 

4 

Service ..... 
Tyfx> and dimc^usiorm ; 

Goodn 


Mi xml 

Type, main frarncH 

'Fwo trucks 

I'Wo Iriiek. 

Ttt'ii triii'k, 

hinge 


liirige 


art if Ml lilt ion 

ftr! leiiliiliiift 

firi 

Wheel arrangc^ineut 

u i 4 B 

o 4 1 It 

** 1 III 

No. driving uxIoh . 

4 

4 

4 

Type of driven . 

IiidiiMdunl, 

liidividoiil* 



gen red 

geiire*! 

geiir#*il 


Total wheel huHe . 

*2(1 tf. B in. 

27 It. II III. 

.11 ft , 11 in. 

Rigid whetd . 

H II. H in. 

B ft. II »n. 

11 If . B ill. 

Diain. driving wheeJn . 

411 in. 

4H ill. 

IIB ill. 

Diain. running wbrndH . 
l^ength fiver biifT«»rB, or 

between knuekleH 

37 ft. 4 in. 

:«» ft. (J lit. 

44 ft. 2 ill. 

Cab 

Over whole 
length 


Clvi*r wlitife 
l#*iigt li 

Width ...... 

IB ft. B in. 

Ut II. u in. 

IB ft. B ill. 

Height 

15 ft. II ill, 

12 ft. 4 111, 

14 It. :i iiu 

Weight, IbH. : 

Complete 1 o(mi 

IfIBjHHt 

2BB3MMI 


On drivorg 

MllkBBB 

gBBdaiB 


Electrical part ... 

nB.BBB 

fl4,BBB 

JIW.tHHl 

Motor and gear 

H.HIHt 

1 

Power ofpnpinent ; 

SyHtern ...... 

Frocjuency, eyelen . 

r.c. 

(\(\ 

25 

Line voltage .... 

2,4BB 

mm 


Motor voltagff .... 

1,2BB 

mm 

IlfMI 

No. of motorH .... 

4 

4 

4 

Type . 

O.K. 2211 A 

O.E. 2«lfl 

liifliictifin 

Rated load |>er motor, h.p. . 

mi 

275 

mm 

Ratexi Hpeed, m.p.h. . 

I5‘4 

ll*« 

Ift 

Gearing, ty|:ie ..... 

Twin 

'fwtil 

Twill 

Gear reduction .... 

»7/lS 

83/ If 

il/lll 

Control. ...... 

El«?tn;i» 

EiiMilni* 

ro- 


rnitgnclic’ 

tfiiigiiiit if* 

tiiiignitfk* 


iBsur., 9mn% 
par. 
nciletM^.i 

i wi?r., 8 -Mifr. 
I'Mir. aiifl 7 fmr. 
iicitchi*» 


Remarks and references . , ■' 

Bm fig. urn, 

^ 11 A? 

1 Him lig. 194, 

1 

p. Sti 

Iff, ; 

^ pp. ms $m i 

ji. 3»« 


North Eastern 
(Shildon.Newport 
Branch) 

Chicago, Mil- 
waukee and 

St. Paul 

Chicago, Mil- 
waukee and 

St. Paul 

New York, New 
Haven and 
Hartford 

New York, New 
Haven and 
Hartford (New 
York Ternoinal) 

1915 

1916 

1919/20 

1911 

1911/12 

10 

30 

10 

16 

36 

Mineral traffic 

Goods 

Passenger 

Shunting 

Mixed 

Two truck, 

Two unit, 4 

Two main 

Two truck, 

Two truck, 

draw bar 

main and 2 

trucks, draw 

draw bar 

draw bar 

articulation 

bogie trucks, 
hinge 

articulation 

bar 

articulation 

articulation 

articulation 

0-4.-4-0 

^ ^ ^ — 

4-6-2-2-6-4 

0-4-4^0 

2-4-^2 

4 

8 

6 

4 

4 

Individual, 

Individual, 

Individual, 

Individual, 

Individual, 

geared 

geared 

geared quill, 
twin motors 
mounted 
above axles 

geared quill, 
motors 
moimted 
above axles 

geared quill, 
twin motors 
mounted 
above axles 

27 ft. 

102 ft. 8 in. 

79 ft. 10 in. 

2.8 ft. 6 in. 

40 ft. 6 in. 

8 ft. 9 in. 

10 ft. 6 in. 

16 ft. 9 in. 

7 ft. 0 in. 

8 ft. 0 in. 

48 in. 

52 in. 

68 in. 

63 in. 

63 in. 

— 

36 in. 

36 in. 

— 

33 in. 

39 ft. 4 in. 

112 ft. 

88 ft. 7 in. 

37 ft. 0 in. 

50 ft. 0 in. 

Centre 

Full length 
of unit 

Full length of 
double unit 

Centre 

Over whole 
length 

8 ft. 4 in. 

10 ft. 0 in. 

11 ft. Oin. 

— 

10 ft. 3 in. 

13 ft. 2 in. 

16 ft. 8 in. 

14 ft. 6 in. 
over cab 

— 

13 ft. 10 in. 

166,660 

576,000 

550,000 

160,000 

220,000 

166,660 

450,000 

336,000 

160,000 

168,000 

54,320 

— 

— 

71,700 

92,100 

8,200 

! 

— • i 

— 

— 

C.C. 

C.C. 

C.C. 

S.P. 

S.P. and C.C. 

— 

— 

— 

26 

25 

1,600 

3,000 

3,000 

11,000 

11,00 ac.- 
600 cc. 

750 

1,500 

1,500 (750 per 
armature) 

190 

275 

4 

8 

6 

4 

8 

Series 

G.E.253— A 

Twin arma- 
tures perma- 
nently in series 

Compensated 

series 

Compensated 
series twin 
mounted 

276 

430 

700 

188 

213 

20 

15-25 

23-8 

12 

36 

Twin 

Twin, spring 

— 

Twin 

— 

4-6 

82/18 

89/24 

101/17 

92/22 

Electro^ 

Electro- 

Electro- 

Electro- 

Electro- 

magnetic 

magnetic, 
regenerative, 
17 ser., 2 
transfer, 12 
ser. par., 1 
tapped field. 

magnetic, 
individual 
and cam 

33 resistance, 

9 running 
notches 

magnetic, 

10 notches 

pneumatic, 
11 ac. — 19 cc. 
notches 

Engineeringy 

See fig. 197, 

Journ.A ,I,E.E 

See fig. 196, 

See fig. 199, 

26 May & 2 
June, 1916 

p. 398 

April, 1920 

p. 397 

p. 402 
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ir. 

o 


I i^oiT 


Fie. 19T— ClHO«so. Milw»uk«^e «i«J .Si. jn.*,Siy Moimlam, DivfaioiwS iWa Loconwlivv. 







Railway 


I^xsornotivoH : 

InHinlltMi 

Nuni}>er .... 
S(irvi(Ni .... 

DiinormicuiH : 
Types nmin fnimt^n. 


\VIuM‘I urrangenncMit 

No. driving axloH . 
'PyiH! of drivo . 


Total vvhcH‘I-baHf‘ . 

Rigid whcjol-baac^ . 

Diain. driving u-Imh’Ih 
I )iaui. running wluM‘l . 
I.i(*ngth ov'or bulloiH or 
fad-weani kiiurkioH 
(‘al> 


Widtli , . . 

Haight . 

Weight , Ibn. : 

(‘ornphde hxro. . 
On drivora . 
Electriejal part . 
Motor and gear. 
Power ec|uipiiaifit : 
Hyatem . 
Freaineney, eyedea 
Lin(^ voltage 

Motor vriltage . 
Xo. of rnotta’a 
'Fype .... 


Hfited load |M*r niofur, h.p. 
Hated npeod, tii.p.li. . 
CJimring, type . . , , 


(dear reducjiioii 
(,.k>ntral . 


Now y«rk, Now 

: f2iirfign. Mil* 

Haven mid. 

WIIIlklK' IMld 

Hartford (N*‘W 

; Ht. Piiiil 

York 

I 1 

RIOT 

iOIli 

41 

5 

Pitanenger 

Pit,HHengf*r 

Moeiithni 

'fwoiiiiit friiirie 

bogie 

eai'h of twi'» 
fruek:M hinge 
ronnef'l ion 

2 4 4 2 

fl H H fl 

4 

12 

Individtifd, 

Ifidividiiiil. 

gf*a.rlr*HH 


quill 

20 ft. !l in. 

fl7 ft . ff in. 

8 ft, li in. 

12 ft. It in. 

iV2 in. 

44 in, 

22 in. 

2«i in. 

27 fl. 7 in. 

70 It. o in. 

iivpr full 

C'oniponiifi, Hi 

length f4 

fliree parf H 

plat ffirni 

Rift. :i in. 

Ri ft. 0 no 

12 ft. 10 in. 

14 It, Hi in. 

204,500 

.52*»,0O0 

102,000 

458,000 

1 10,400 

225,OiiO 

,10.420 

S.I’. hikI ( 

i\i\ 

25 

1 1,000 AA\, 

2,000 

1125 i\i\ 

220 

ROfWi 

4 

12 

( 5ini|ii‘n-uife*l 

il.K, am lie- 


polar geiirli’H.^ 

250 

2l«t 

51 >5 

:m>2 


Rlifelrio 

PHeetre- 

irittgfietle 

fiiiignetie 

1 1 111% 111 ei% 

iiiifl piiPiiiiifttif 

nnteliea 

mm, 21 rwwt* 


dmee, 


i iiig notohen 


1 Hmfif, im, 


; p. 209 


Kow York Cfta 
tri^ imd 
fbiikein Rivtr 

fXiw York 

’riTiiiiiiaii 


IIH'III 

Piiii«:»ngfir 

iiigiii iimin 
friifiie 


2 - H -2 
4 

lialivifliial, 

geii,rlei4«. 


21 it, 0 m. 
i:i ft. I) in, 
44 in. 

:iil in. 

:i7 ft. II in. 
( re 


111 ft. I in. 
in ft. ft in. 

I III.OCMI 
lllldMHI 


VA\ 

mr$ 

ll2o 

4 

O.K. 144, lii« 
polar 0*»rlm4 


III 


Kleet ro- 
iftagfietif? 


^ fig. 5. 

P- 27 


Remarks and refareno^ 










New York Cen- 
tral and Hudson 
Biver (New 
York Terminal) 

i 

New York Cen- 
tral and Hudson 
River (New 
York Terminal) 

Pennsylvania 

Altoona 

Johnstown 

Norfolk and 
Western (Blue- 
field Division) 

Pennsylvania 
(New York 
Terminal and 
Tunnel) 



1914/17 

1917 

1914 

1910 

12 ! 

16 

— 

12 

33 

Passenger 

Passenger 

Goods 

Goods 

Passenger 

Rigid main 

Hinge- 

Hinge- 

Two unit 

Two unit 

frame 

articulated 

frame 

articulated 

trucks 

draw bar 
articulation | 

trucks con- 
nected by 
draw bar 

4-8-4 

4— 4— 4— 4 

2-6-6-2 

2 4-4r-2 + 
2-4-4-2 

4-4-4-4 

4 

8 

6 

8 

4 

Individual, 

Individual, 

Collective, 

Collective, 

Collective, 

gearless 

gearless 

geared jack 
shaft, coupl- 
ing rods 

geared jack 
shaft, coupl- 
ing rods 

inclined 
connecting rods 
jack shaft and 
coupling rods 

36 ft. 0 in. 

46 ft. 5 in. 

63 ft. 11 in. 

94 ft. 10 in. 

55 ft. 11 in. 

13 ft. 0 in. 

6 ft. 6 in. 

13 ft. 4 in. 

lift. 0 in. 

7 ft. 2 in. 

44 in. 

36 in. 

72 in. 

62 in. 

72 in. 

36-J in. 

— 

36 in. 

30 in. 

36 in. 

43 ft. 0 in. 

56 ft. 10 in. 

76 ft. 6J in. 

105 ft. 8 in. 

64 ft. 11 in. 

Centre 

Centre 

Full length of 
loco. 

Full length of 
each unit 

Full length of 
unit 

10 ft. 1 in. 

10 ft. 0 in. 

10 ft. 1 in. 

10 ft. 3 in. 



13 ft. 9 in. 

14 ft. 6 in. 

14 ft. 8 in. 

14 ft. 9 in. 

— 

230,000 

250,000 

500,000 

528,000 

312,000 

142,000 

250,000 

420,000 

448,000 

200,000 

60,000 

— 

1 — 

224,000 

119,000 

— 

— 

— 

— 

45,000 

c.c. 

C.C. 

Split-phase 

Split-phase 

C.C. 

— 

— 

25 

25 

— 

625 

625 

11,000 

11,000 

600 

1 

625 

625 

850 

725 

! 600 

4 

8 

4 

8 

i 2 

G.E. 84, 
bipolar gear- 
less 

G.E. 91, 
bipolar gear- 
less 

Induction 

3-phase in- 
duction, 4 and 
8-pole 
windings 

W-315-A 

550 

325 

1,200 

410 

1,250 

40 

49 

10 and 20 

14 and 28 

30-2 fuU field 



Twin spring 

Twin motors 
drive each 
jack shaft 



— 

106/21 

85/18 

i 

Electro- 

Electro- 

Cascade 

Electro- 

Electro- 

magnetic 

magnetic 

24 notches 

liquid 

I rheostat 

pneumatic 

liquid 

rheostat 

pneumatic 

31 notches 
field control 

See fig. 200, 
p. 402 

See fig. 201, 
p. 403 

— 

See fig. 203, 
p. 404 

See fig. 204, 
p. 405 
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Fig. 199. — "Nqw York, New Haven and Hartford Railroad Locomotive. 


Fig. 200. — New York Central and Hudson River (New York Terminal) 
Rigid Frame Passenger Locomotive. 






F«o, aoa.~ JItiitw tlnitway (Oiovi Line) Ooode I-ocomo«vu. 


DJ)* 


N%'w Y«rk (VntrnI .ind lliideon UiviT (N'.-w York 'IVrininiil) 
Artir!>iliit«il Vmimt i’ttHMmger 
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Fig, Z03. — Norfolk and Western Railway (Bluefield Division) Goods Locomotive. 



Railway 

Bem-Lotsohberg 

Prussian State 
Dessan-Bitter- 
feld Line 

Swedish State 
Riksgr9.ns Line 

Locomotives : 

Installed 

1911 

1911 

1915 

Number 

1 

1 

13 

Service 

Passenger 

Passenger 

Goods 

Type and Dimensions : 

Type, main frame . 

Double truck, 

Rigid main 

Two unit 

Wheel arrangement 

connected 
through king 
pins and 
underframe 

frame 

4r-4-2 

2-6-ft-2 

No. driving axles . 

6 

2 

6 

Type of drive .... 

Collective, 

Collective, 

Collective, 

one motor per 

single motor. 

inclined con- 


truck, geared 
jack shaft 

vertical con- 

necting rods 


necting rods, 

jack shaft and 


and coupling 

jack shaft 

coupling rods 


rods 

and coupling 

for each unit 

Total wheel-base . . - . 

35 ft. 1 in. 

rods 

29 ft. 6 in. 

47 ft. 7 in. 

Rigid wheel-base . 

13 ft. 3 in. 

9 ft. 10 in. 

— 

Diam. driving wheels 

52*2 in. 

63 in. 

43*3 in. 

Diam. rnnning wheels . 

— 

39J in. 

29*5 in. 

Length over buffers or 
between knuckles . 

49 ft. 3 in. 

41ft. 

61 ft. 

Cab 

Over full 

Over whole 

Over each 


length of 

length of 

unit 

Width 

platform 

9 ft. 9 in. 

platform 
! 10 ft. 0 in. 

1 

Height 

12 ft. 3 in. 

12 ft. 6 in. 

— 

Weight, lbs. : 

Complete loco 

198,500 

157,000 

304,000 

On drivers 

198,500 

68,500 

231,000 

Electrical part .... 

97,000 

— i 

132,000 

Motor and gear 

21,600* 

32,000 : 

29,000t 

Power equipment : 

System 

S.P. 

1 

S.P. ‘ 

S.P. 

Frequency, cycles . 

15 

15 

15 

Line voltage .... 

i 15,000 

10,000 

15,000 

Motor voltage .... 

; 420 

— 

200 

No. of motors .... 

2 

1 

2 

Type ....... 

Oerlikon, 

Winter- 

Compensated 

compensated | 

Eichberg 

series 

Rated load per motor, h.p. . 

series 

1,000 i 

1,000 

24 poles 

840 

Rated speed, m.p.h. . 

— 1 

1 — 

24 

Gearing, type 

Citroen, triple ! 

— 

— 

Gear reduction .... 

helical 

3‘26 

_ 



Control 

Electro- 

Electro- 

Electro- 


magnetic 

magnetic 

magnetic 

Remarks and references . 

by contactors 
See Engineer- 

A.E.G. 

18 notches 
UIndustrie 


ing. Sept. 1, 

Publication 

Electriqtie, 


1911 

E.D. 197 

Feb. 10, 1917 


• Transformer 
12,100 lbs. 


f Transformer 

22,000 lbs. 


40R 


Midi 

Prussian State 

Italian State, 
Giovi 

Simplon Tunnel 

Bem-L6tsohberg 

1911 

1911 

1913 seq. 

1906 

1913 

1 

1 

130 

2 

13 

— 

Mixed 

Goods 

Mixed 

— 

Rigid main 
frame 

Two unit, 
link connected 

Rigid frame 

Rigid frame 

Rigid frame 

2-6-2 

2-.4-4-2 

0-10-0 

—6-2 

2-10-2 

3 

4 

5 

3 

— 

Collective, 

Collective, 

Collective, 

Collective, 

Collective, 

inclined 

nearly verti- 

Scotch yoke. 

Scotch yoke. 

Scotch yoke. 

connecting 

cal connecting 

gearless. 

gearless. 

geared. 

rods, two 
jack shafts, 
coupling 
rods 

rods, jack 
shafts and 
coupling rods 

coupling rods 

coupling rods 

coupling rods 

31 ft. 6 in. 

40 ft. 10 in. 

20 ft. 1 in. 

31 ft. 10 in. 

37 ft. 2 in. 

11 ft. 10 in. 

9 ft. 5^ in. 


16 ft. 1 in. 

14 ft. 9 in. ] 
driving 53 in. j 

51-6 in. 

00 in. 

42 in. 

64J in. 

53 in. 

33-5 in. 

33-4 in. 

— 

ssj in. 

33 in. 

43 ft. 2 in. 

51 ft. 8 in. 

31 ft. 3 in. 

40 ft. 6 in. 

62 ft. 6 in. 

Full length of 
platform 

Over each unit 
accordian 
connected 

Centre 

Centre 

Full length 

10 ft. 4 in, 1 

10 ft. 4 in. 

— 

9 ft. 6 in. 

9 ft. 8 in. 

13 ft. 11 in. 

12 ft. 2 in. 

— 

12 ft. 1 in. 

14 ft. 9 in. 

187,500 

205,000 ! 

' 134,000 

137,000 

236,000 

119,000 

150,000 i 

134,000 

97,000 

172,000 

— 

108,000 

65,000 

61,800 

130,000 

27,300 

31,000 

— 

23,700 

30,400 t 

S.P. 

S.P. 1 

Three-phase 

Three-phase 

S.P. 

16§ 

15 

16| 

15 

15 

15,000 

10,000 

3,300 

3,000/3,300 

15,000 

— * 

1,235 

3,300 

550 

420 

2 

2 

2 

2 

2 

Winter- 

Winter- 

Induction 

Induction 

Oerlikon 

Eichberg 

Eichberg 

8 pole 

6 and 12 pole 

compensated 

series 

800 

800 

1,000 

r 12 pole 400) 

1 6 pole 550/ 

1,250 

34 



14 and 28 

22 and 44 

31 

— 

— 

— 

1 

Triple helical 







2*23 

Electro- 


Cascade 

Pole changing 

Motor oper- 

magnetic 


parallel, liquid 
rheostat 

and rheostatic 

ated drum, 12 
notches 

Light BaMway 

Originally 

See Engineer^ 

Engineering, 

Engineer, 

Tramway 
Joum.i Jime 

made for 
Lotschberg 

Aug. 29, 1913 
seq. 

July 28, 1911 

Dec. 5, 1913 

2, 1911 

Railway 

See hg. 202, 
p. 403 


t Transformer 
16,500 lbs. 


407 


CtS.'iV 




4STI"Ut. 


■ 

f 

s,J I 


^Rary '’ 


■: J 


‘A .„ 


INDHX 


A<f(^domtion : IH7, 1915. I9H 


Adhc'Hion ; 97 

Alf^xandwwm, H- F. : 14K, iriC», l.»2. 
lf>B, 292 

Anderson, F. H. : 222 
Artimilation, him^ Lofomotivf 
Aspinidl, Hir J. A. F. : 44, 210, 29*» 
Antoniaiie control. h<h» (‘ontrol 
Automatic HtibHtaiioiiH, h**<' Sub 
Hi at ion 

Biirtholoinow, H. (J. : 24*7 
[Soaring : 

Armatwro, lOH 
Axle, 111 
Ball, B5 

Lubri(!Htion, 119 
Hhocks, 84 
BfM*uwk<^H, li- ; 12 
Bipolar gimrloHS nioliir, Mutur 
Bonds : 204, 217 
BooHtarH : 299 

Bow oolloetor, hi»o C'oll<*rtor gi*iir 
Bridge fnmsilion, Control 
Bn when : lOH 
Brush piH^HHuro ; 197 
Biiehli, J.: 92 

Bus lino, «<»♦» Control gonr 

Cklonary, m*f^ C H'i’rboiwMin*^ 
Charaot4*ri8t in rtirvow, Motors 
Charbonnol, M. Ilovniix; 24 $ 

( !ofiaiirig ; 

C'alruhitions. 242 
Ro«iiitarirf% 215 
Colliictor gear i 21<b 222 
Ornrruitation : 

CkintinuouH ourrent motors, 
liotfiry mmm^rt4*m, 2fll 
Hifiglii*pha«i 149 

(‘oni|Mfr»at4id mmm Motor 


CiuidiP’tor Slid ■ 212 
c *rttilaol«jr, m**” t'ontr^d goiir 
Contintitaiii riirroiif ^Vfifoiu : 12, 12, 
Uk 242, 279 
CfUilrol ; 

Autoinafir, BUt.. ITI, 192 
Ciiin, 174. I HI 

Miiigriiiriw, 17th 172, 171, I7 h, Hlb 
189, IHH 
Hiirid, 199 

{#oroiip9iVr. I7f# 

XofrliO'S, iKIh 201 
Bowpr for, IW 

liogonorativ«% lli’»goiioratio!i 
^IViifwition, 1 89, IH8 
Hirtglo-plwii#i% 187* 299 
(Viritrol gofsr *, 

Bits lino, 199 
t‘irriiif bfrakoi'n. 1 97 
Cofitlirtfirs, 192 
liitorlookft, 192 

Mii«for rtifilriillor, 192, 179, 179 
ronirollor, 1B2 
Xfitrlung ndiiy, 172 
poioiitiid rolay* 179 
Ui-vom^n*, 1*12 
llliooMliits, III!*, 299 
t b^ti* 

Cjipitfll 19, 12. i:i. 288 
Mwiiiteiainro* 11, II* l»», 17 
i2irvit nwfitiinri% Traidiv*^ nmm- 
tm%m 


184 Mitr, Wh A. ^ :i22 
Ikffink* A. th j 7112 
IlwIrilitil trMi ^ 

C .fit IriilaticiiiP, 3tMI 

Bwilcdigoiif* 2119 
2*12 

Voltitgih 281* tm, 28Sf 


1011,1 $8 


if/ia 
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stem : 12, 13, 


* X93 

1 V4, 178, 179, 


igoneration 


25, 170, 176 


SB 

145,17 

7rstctivo resis- 


Draw-gear : 99 

Dynamotor, see Booster, and Con- 
trol (Power for) 

Effective mass ; 317, 321, 337 
Efficiency : 

Determination of motor-, 
Motor-converter, 263 
Molj-or-generator, 263 
Plant, 379 

Rotary unit, 263, 382 
Side-rod drive, 96 
Electrical working : 

Abnormal service, 2 
Economy compared with steam, 
1, 5 

Normal service, 4 

Technical comparison with steam, 

5 

Electrolysis : 205 
Energy: 

Calculation, 346, 362 
Consumption, 327, 330 
Expenditure, 294 
Generation, 246 
Input, 321 
Output, 321 

Equalization, see Locomotive 
Equivalence, see Speed-time curve 
Eveleth, C. B. : 379 

Flashing; 

Continuous current motors, 
Rotary converters, 261 
Frequency : 

Generation, 248, 279 
Polyphase, 289 
Single-phase, 17, 151,^284 
Frequency-changer : 253 
Fuel ; 

Saving, 5 
Scarcity, 3 


Gearing : 

General, 22, 111, 330 
Tooth-stresses, 82 
Generating station : 

Efficiency, 380 
Load-curve, 383 
Location, 376 
Plant, 246, 386 
Gradients : 

Effect on energy consumption, 
Effect on traffic, 3 


Heating of motors, see Motors 
High voltage c.c. system, see Con- 
tinuous current system 
Hobart, H. M. : 9 
Hughes, Geo. : 36 
Hunting : 260 

Hydroelectric power ; 3, 248 

Individual drive, see Locomotive 
Inductive interference: 242, 269, 285 
Interurban railways, see Railway 

Jack-shaft drive, see Locomotive 
(Collective drive) 

Kando drive, see Locomotive (Collec- 
tive drive) 


La Cour : 262 
Lamme, B. G. ; 150 
Latour, M. : 146, 148, 152 
Line conductor : 203, 220 
Load factor : 7, 249, 387 
Load curves : 371, 383 
Locomotive : 

Articulated, 31, 45, 52, 69 
Balance, 96 
Bogie, 31, 37, 69 
Classification, 22 
Collective drives, 28 
Control, see Control 
Degrees of freedom, 34 
Description, 33 ^ 

Electric compared with steam, ^ 
86 

Equalization, 37 

Forces on frame, 87 r- ri 

Forces at wheel- treads, 45, 4/, 51, 

60 

Governing item of plant, 8 
Height of centre of gravity, 4^ 
Individual drives, 22 
Inertia effects, 68 
Jolts, 77 

Motion on curve, 46, 49 
Natural alignment, 56, 62, 63 
Nosing, 74 
Oscillations, 58, 61 
Pitching, 34, 76 
Pressure on rails, 41 
Radiation of trucks, 44 
Rearing, 75 
Reversible, 72 
Riding, 41 
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INDEX 


Locomotive (cmid.) : 

EoUing, 34, 75 
Selection, 97 

SymmetHcal wheel-ha84\ 70 
Vibration, 92 
LoconKitivcH : 

Arooetook Valle^y, 390 
Baltimore and Ohio, 14, 32, 35, 390 
Bem-Ldtmdiherg, 29, 30, 400. 407 
Boaton and Maine (Hocjhiu’ Tnii- 
nel), 14, 20 

BnfYak) and LrH?k|Kn*t, 101 
Btitte Aniwjonda and Baeiii<% 15, 
26, 40, 190, 394 

Cascade Tunnel, ( Ireat Nerthf^rn 

Central London, 27, 7B, 161 
Chicago, MilwauktHi and Bt. Patil, 
15, 26, 27, 39, 143, 170, 190, 391, 
395, 400 

Detroit River I'nnmd, m^e Michigan 
Central 

Crand Trunk (Bt. (3air Tunnid), 
26, 390 

Grcmt Northern (Cawcatii^ 3*imn<*l). 

15, 156, 159, 222, 394 
Italian State Kailwaya (Ciovi), 30, 
407 

Metropolitan, 31, 32, 391 
Michigan (Jentral (Ikftroit Hiver 
Tunnel), 15, 26, 31, 32, MK 190, 
394 

Midi, 29, 407 

New York Central, 14, 27, 33, 40, 
43, 75, 7B, 144, 4(M), 4fd 
New York, New Haven atid Hart 
ford, 15, 26, 27, 30. 32. 43, 395, 
400 

Norfolk and Weaferii, 15, 29. 32. 
158, 401 

North KaMt4frn. 26, 31. 391, 395 
Oregon Klmdric, 391 
Pennsylvania. 15, 29, 30, 32. 33. 
75, *145, 401 

PruiiHian Htate, 29, 89, 400, -|i»7 
Qnai D’Oimy, 101 
Simplon 'runnel, 3*t, 407 
Swedish Htatti, 4011 
Southern Pacific, 391 
Wiesental, 29 
Lubrication : 110. 223 
Lydall, F. i 187 


Mercury vfifxiiir r#ctlfi«r : 264. 284, 

292 


Motor : 

Bipolar geiirlf’fif*, 27, 139, 144 
Blows on joitriiiilii, 84 
Cakulntioiw. 122. 347 
Chiiriicteristk ctirvcfi, 114, 144, 
153. 150 

i1iiirarteri«tirn, 150, l»50, 281, 28fl, 
290 

C'emmutation. 1011, 148 
C. *ont inumm current , 1 0 i 
Control, C*futtrril 

Dewripticin, Htl, M5 
Flashing, 141 
Dearing. Cleiiniig 

Healing. 132, 137, 151, 287, 323, 
348 

126 

Pfdypham*, I5tl 
Hating. 129 

Kegeneriituin i|,v., lit, 291 
Hingli' phiii«*, 145, 286 
'fapfs^d flehl, 139 
Teafa. 119 

'nicrfiiid fliwiipitlion, 134, 34H 
Vent iliil ion, 112 
Voiiagi% 30. 143, 281. 286. 2M9 
Weight, 287, 391, iri-f. 

Motor»4?oi4rh ; 21. 37. 44. 711, 280 

Motor converter : 202 

Motor generiitor ; 254 

Multiple timf : 21, 161. 170, 189, 312 

Noaiiig. ai«e lxM’riiiiciti%"i’i 
Xofchea, m,m C*tifitrol 

fJverlieail line ; 

Aiiierkran, 224 
Anchfiragp, 225, 226, 239 
Calriiliilioria, 22lf 
f'liletiary, 221 

C*olliielor, mn* Colfcrinr gear 
Erect ion, 234 
Etinipfiiii, 225 
Polyplitti*?, 241 
H*!f*tififiiring, 241 
«|we»l wcirk. 2311, MU 
4¥ififl, 238 


Paii‘Colleetor, ite Colli*eltir gtar 
Pantagntfilnwltiwtor, CMte«l#r 
gear 

Piicliiag^ •#© Imemmtim 
Ptilyplitt^ iyateifi, 241, 2S0 


INDEX 
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Power : 

Calculations, 365 
Plant, 246, 373, 386 
Priest, E. J>, : 142, 143 
Protection, see Conductor rail 

Railway : 

Interurban, 16 
Urban, 2, 10, 12, 279 
Railways ; 

Baltimore and Ohio, 2, 16 
Boston and Maine (Hoosac Tun- 
nel), 2, 16 

Butte Anaconda and Pacific, 16, 
222, 254 

Canadian Northern, 254 
Central Argentine, 213 
Central Californian Traction Co., 
220 

Central London, 213, 294 
Chicago, Milwaukee and St. Paul, 
3, 6, 13, 16, 99, 222, 224, 241, 254 
Great Northern (Cascade Tunnel), 
2, 16, 289 

Hamburg Altoona, 19 
Hamburg Elevated, 19 
Hammersmith and City, 213 
Italian State, 289 
Lancashire and Yorkshire, 132, 
204, 213, 220, 280, 283, 296 
London, Brighton and South Coast, 
245 

Metropolitan District, 214 
Michigan Railway, 220 
Michigan Central (Detroit River 
Tunnel), 2, 16 
Midi, 243, 244 

New York Central, 2, 16, 214, 298 
New York, New Haven and Hart- 
ford, 16, 241, 244, 252, 293 
New York, Westchester and Bos- 
ton, 221 

Norfolk and Western, 3, 16, 99, 292 
North Eastern, 221, 255 
Pennsylvania, 16, 18, 292 
Prussian State, 19, 187, 188, 226 
Simplon, 2 

Swedish State, 188, 221, 228 
Underground Electric, 2, 132, 204, 
212, 281 

Victorian^ 10, 12, 283 
Visalia, 18 

Washington, Baltimore and Anna- 
polis, 17 


Rearing, see Locomotive 
Regeneration, 141, 179, 283, 284, 291 
Repulsion motor, see Motor (single- 
phase) 

Rheostats : 

Calculation, 190 
Control, 169 
Losses, 199 
Selection, 200 

Roller collector, see Collector gear 
Rolling, see Locomotive 
Rotary converter, 254, 279, 382 

Schedule calculations : 

Analjrtical method, 349 
Data required, 336 
Point-to-point method, 334 
Sectionizing : 

Distribution lines, 218, 241 
Transmission lines, 249, 251 
Shoe-collector, see Collector-gear 
Single-phase system : 9, 10, 13, 16, 
18, 94, 243, 284 
Speed-time curve : 

Calculation, 339 
Equivalent, 325 
Universal, 354 

Split-phase system : 158, 292 
Sprague, F. J. : 161 
Steam power plant : 247 
Steams, R. : 178 
Substation ; 

Alternating current, 251 
Automatic, 273 
Continuous current, 254 
Efficiency, 382 
General, 249 
Loads, 370 
Location, 367 
Plant, 373 
Portable, 277 
Storage battery, 269 
Switchgear, 251, 269 
Terminal, 369 
Unattended, 270 

Suburban railways, see Railways 
(Urban) 

Systems of electrical operation : 278 
Controversy, 9 

Third rail, see Conductor rail 
Time Table : 365 
Track return : 204 
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Tractive vmmt&nm *. 

Calculation, 805 
Coaiting, 315 
C.\irve, 320 
Determination, 315 
Oanaral, 205 
Ooodi irainn, 313 
Milan, 318 

Multiple unit triiina, 312 
Tii«t data, 290 
'IVafllc ; 

Abnormal, 2 
Improvement, 4 
Methocb, 6 
Technical view, 355 
Transformer ; 

Alternating current Hyatern, 251 
Booster, see Booati^r 
Distribution, 252 
Mercury va|>our recUilier, 25M 
Eotary, 261 

Trolley wheel, fiec» (bllector gear 
Trolley wire, see Overhead line 
Trucks : 

Articulated, 31, 40, 52, 69, 71 


Trucks (emid.): 

Bogie, 31, 35, 3i.l, 51, fa, tl5. ii, 72 
Raiiifitifin of, 14 
Ttifuieiii ; 2 

VtmiUmdtHi utihifaticirifi, Hub- 

atatiofii 

Urban railways, mm ilasiwAy 

Vibration, mm Idmmtmtivt* 

Vrilittge, Ilisfribittiofi 

Weight : 

Axle, 99, 330 
Kquiiafituit, 287 
Wheels, i©ti Afllieiiiim 
Bill*, 84 
Slipping, 9H 
Whwd-bttie^ ; 

Flexihle. 52, 61, fill, 71 
liigki, 50, 59. 61 
Wind, mm Overlieiid lifie 
Winfi:^r‘'Kirhte'*rg ; Mil, I in, 152 
Wofwlhury, D. If : Tit 


O/s. 
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